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anal.yo Wo tion portaJ.i:dng to •lUM"Y nactor• and ncond, to pniSfmt 

th.9 design ot a poasibl future type ot reactol" designated the "VaPo 

Sl.Ul" Reactor". 

Durina tb ul ta 

d a1Qn or bomopneous 1"$acton us slurry fuels. n "'ually the empbada 

011 urrtes was dropped am! tre!ld or thtttld~ turned to tluid ruo1 •• 

·roday •tlgineet-• have el1minat.d the a1Ul"l7 reactor f'r(Jl'l t ntd.C:eNtton 

· boo wso or tho la-rg m.ll:!ibel" or unlmovn.f acne.mt~ elur.r.tea in com leon 

with tlutd tuela. !he need we aen tor a port dealin· epec1t1oall:r 

vith th urey reactor and its Pl"Ol'Ort1os, advantagea ~l'J d!Md'fantape. 

rienoe, a tion or th1• theata le a llumtttll"Y ct the pt'd'icue vork on 

slurries and 9lut"X7 f\Ael Naotmts, and lt .ta hopeel that it will IMI'ft u 

a Na8y reto nee to those vt10 AN con&id•r1n; WM of' &lUf'r7 tuela. 

~ of' the prol::!J.ems ecn0$l"&ing s1ur.rles ha?e not yet bee antwrec! 

so \bat th1a report la limited 1n acope and alll\ onl7 auae1tt t:0asibl• 

solutions. The pr1r. probl.eu to bf aol•e ·. or inftetip.te ~ 1n the 

develo nt of. •lu.rrl'a a atabiltt7, eroalon, corrotd.on, caking, at 

tftn er, andl.Sng, and etteota ot radiation. It is evith•nt that each ot 

t'N• blema 1s eeponde»t cm the epeetr.to pro:pet'tifUJ ot the ind.lv1dual 

eoJnpOnent of.'" th& lllUl'l?' . Tho principal 1Sl\tl"rlea which haft bftn censtde 

tor U8$ 1n nuclear' re.e.oto.rs are uranium md• in v ter, urant orlde !ft 
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~roxti!ee, thorium oxide in water, and 1nuu.•1mtallic ccmpowlas 1n liquid 

tels. 

Space em time 11m1t a ooz:plete analr•i• or e1acua•ion or all the 

aspects or the problem1 pertaining to slurl")' fuel• a.?lC" thua, U!\7 

Nterenoe haw been lf.sW ill tho appeflt1tx ao a.n a1d to obtd.ni'ng t.he 

ocmplot.e picture. 

The dealgn of' the V por SluFey . actor we.a cenceived dtn.-tng the work 

on altll"t'y fuels and :ts preaented 1n t.~ latter part ot the tbeaie. Pre-

11m.lna17 theJ"mal and c:rtticality analyoea ot tbta ._..act.or Wft co lf>ted. 

Tho detailed oaloulaU®a ln?olved 1n then anal)raea a~ presented in tbe 

~ix as aeible aide rcr" tu.tUNj ».1-r;ilar a.."2&1,.ea. 1.'his dc•igD 

appeai-e4 to posNaa ?Dafl1 ~antase•, poa1ibly the mo t impo ten~ o£ whioh 

we1 the capacity tor' productlon or bieh te peroature steam. For ex.a. e, 

the pntl1mina17 tlesip that vas completed for proantation 1n this theeia 

r. atured production ct 1 au1tab.l• tor JDOdtml turbo-ofeneratore vith 

thl<ottle inlet prouurea an~ ~e.tures or 14'° pa1g :$lld 1000° F. '!be 

pr!nctpal blema or the Vapor Sl\U!"f'1 Reactor appear to be alur: • woaion, 

the ~satbl aei:ieration ettiolen01 ot cyclones ••mtratora1 tmd the proobleu 

concerned wt th r· a 1oactiw it.am throu;h turbinet1. one or the• 

difflcult1ea appear WUN untablo and thus, tho dea1gn ••• .f'eaaible. 

"l'he Vapor urey 1?.eactor 11lwttratea aaoe ot the m.ny poaa1bU1tie yet 

unexplcre ln tJ uao ot slurry reaotor fuel• • 



Sl.urt"lee have been used in the past f'ol" cor.ft)"iXJC grain, coal, cement, 

a1b, sou, ane sand, and there a.re numerous other appl1eat:lomt chtetl)t in 

tho chemical and minitia indutr1ea. A vealth ct' def.fl or tbeoey dosor1b1~ 

tbe propel"tiea of slurries does not oxi•t so that the design or • llurt'Y 

a:r1te iu eo=evnat 0£" an ut req:u.t!'lng years ot .xperi•noe or much 

lbd.!la experimental ~rk. 

l>ef'tniticma are 1n order beoauoe ot dteorepanci•l'J which exist tn 
to 1noloro used to deaiftlAte t,be suape~ion or a •olid by a tluid. ln 

this reoort tho term tt•lwrr" will define the $Uapenaion ct any eolld by' 

an,' tluid . •nutd1zed oolid" ie det'ined as a bed of aolid particl•a through 

wMeh a su <Ir' vapo:rt is tl.O'W!ng in suoh a ve1 that tbe wtJ.ole1 are main .... 

tained in auspeneiou but ar not tranaported. Tho bbolltns bed"•• used 

in tba catalytic oraeld.ng ¢t petl'oleum U an example o!' a tluidlud ool!d 

bed . Su1pen81ona or ~·. aeva,p, ~ain, 01" pulverized coal are • . lea 

ot al.nn1ee. The teme "•ntn.inmnt•, "suapensold", and "d1.t~l'"Hd uua-

penaion" have been used to designate the condition -which exists vhe .. solid. 

pari.iolea ar• Mly aU1Jpended and t.r.nsrol'"W b7 a s stream. Claa:d.tica-

tton also been made under the head or ttdisperaoids" with t•aero10l" 

det1n1ll£ suapena!on vith gaa and "hydroaoltt detlnlng auspen:iion with lit'uid. 

The pl"eceding defin1t1on ot lu:rry includes and eupenet!es tbeao te tor 

deaig:ation ot' ecU.li S'Jspena1ona. 
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e ohW problem ~!n, a al.'ID'l"Y which aro 1.mportant from 
the artandpotnt or reaotor appl.1catlon .,,.. etab111 ty q:d.nat ettltng tnd 

tlooaulat.1.on, oakH:ig, •ros:ton and con-oa1on, n.lrliation and tie ton etf'eote, 

heat tral<ster, a.~d al.U?'rY hamling. The Pl"iml"'.V' physical Ya:rla lea ot • 
et·u:-r.r wh1cb are ava.tlabl• tel!' controUin.c tba1e ah•••cterifttiea are the 

density or the fluid and aolidJ the v1eoo1.Jity ot the f'luidJ the s1•• 

anape, hat"dt'!e•s, a.. • surface ;rropent•a or thtt aolV: particles; tho 

conoentratlon ot the sol.!(i in the awspens1ona atid th• thcrn:la.l r~•a 

ot tho soli~ and tluio. !lelationa between the oharacteriatic1 and 

variables ot A .:lut'TY will be d18CU8aed 111. tho tollouin parapaphtt. 

The meohantcal atabillty ot a e1Ul"1"1' Nf'.n to the prtNMtt"Vatlon ot 
tbe ~no1ty o! the eu~naion or tM .ollet 1n tl'le nutd. A auspenaion 

beco. unstable by settling or by ficoculatton. wben cvnai<l•vlng a 

sllm'y f'or •reactor, ~means ot maint.aininiJ an appr~t.el7 ho-:nogenoua 

llUDp&nS!cm ot tlltJ tolld 1n the tluid lo <?ednble in Order to proWUl~ 

ohqoa 1n :r:"fte.otiYlt,-. 

H0t10genoU4 el\JM"1 a\lapena!.cms vhloh an stable agatnet aottlin 

1ntalned by om or oombinetiorus or tho follw.lng method•• 
l. Uu ct turbulenoa and eddies ot the tlu!d med1um. The drag OJ' 

triotion ot the tl.ul~ on the solid 'P&rt1ol• promtoa suspension. 

'1\arbulen<=e ~· be acb1.-vecl by pumplfl3 the tl.u.td at a v•loc:ltJ 

such that the f'lu!.d imparts sut't1ctent enel"g7 to the particles 

to am>ul the etfi t ot g~ tVi tr and maintain their ouapeneion. 



For=od aaitaticii b)t et.irrln(• vlb t1n1 or eome other a la 

al o aTdlable tor aehie'Ying OUSP«nltdon with tut' ulenee . 

2. u or nuid an<! •ol1d •lur-rr compcn~nta vlt! 01" tehed. 

dens! t1ee., thU4 =tntail'11na ote.t1c eq;u111br1 • 

3. U ot x 11 particles which vU.1 not eettle tor long 

per!~• of time btc.ua ot atae. A colloid ie an examrile ot 
thia we ot si.uspenaton. 

4. Use ot ata.b111sin egenta .tnch ao bentollite to J)N'fent I011d 

settl~. 

he ot the thQUght conceJ"'tdng dnelopmtf!t ot alume1 tor neotor 

tnols bu been e.lonf the lines that 1t waa ceeeuary to MTe a et.able 

11~ vti..1eb vould not ttle at an1 tice. 'fhts type ot o1Ul"l7 would 

invol suspei:aion by ono or tho latte-r three ot the .,,.,,.... metbod1 . It 

1• to be empha izet! that this eonc9J)t m&ll" bf) ti-ue tor 4 atat1o alurr,r 

reactor in which the slu 1• CO!'ltained 1n one largo pot, bvt. le certainly 

not truo to~ •· 41rulat1 or boil~ e1Ul"l'7 reactor ln wh1ch the 1u•penalcm 

b maintained by turbulonoe. 

~oneo ~s a metnod ot •chlevtng atab111 ty aga1.nst settling bas t.he 

advant e o.f' providing a positive -chanical ••ruJ or sw.penelon llhic:b 1• 

not d•p<mdent on. tho ohemoal a.M only partla.lly deper:d.ent on tho pbJucal 

propertl•tt ot the olid or fiuid . This my be a l'eoidadly tm~nt f'eotor 

when comtderinr "4.Ctor UM or a •1\lrJ."1 , id.nee the prope!'ties ot tho al 

conata.ntl7 ohanp rlue to t . etteota or radiation and tiu1on. 

bulence ia, ot coura, tbe obiet Dana ttYailabl.e tor matntaini~ euapen-

aion or a solid 1~ a 111. Poeaible diea~ntag a or ust turbulence to 



6 

maintain murpen~t!.on an uroater eroalcm of st.:ruotural material.a and greater 

itrltic:m. of the slUl"?"T• 

r.(. tohing olte ~ tluid d•naf ties b an ideal meena or pranot!na 

atabll1t:,w. The proble:n ta to !"ind thtl ~nents '41th •Hiual deu.dtJ.ea h 

<:®ju.nation with optimum ~1lcal, chmd.oal., thel"!ftl, u e. nuCloar pr()pitl"• 

ti••· 
Saepena101ls ot t1ne part!c1e4 an at.ab.le prllaril,. because ot tM 

ett:eot ct D.roimtim miwei:mllt. Bm'Wnl&n llCVOmen\ ie the ten used to 

dei.d.gnaw the etteot. ot the bo:Dba .. nt ct the suspended aolid particlea 

by Ute ml,m)Ules of tbo t1utd. '!bis ettect ls large'l.7 a function ot part\cle 

di meter am becomes appreoiablo 111 ~aon v1 th gNVi tr sottl1ng at 

p!Jl'ticle rl101tters of about ) microns. ~wlan mo'f'Oment 1• 'the J)Ndoonant 

etteot on ps.ttt1ole eettling at ~1al~ diameter• belcw 1 faicron (l} 1 • A 

colloidal tu0pewdcm 1a one 1n Meh th~ pe.l"t:lol.e diameto:ra r4U\p !'rem 0.1 

to 0.001 micl"en. Collottlal mt.us~rua1an,:) usll&ll.y })OOGll a btahel' vtaeoaity 

tman othctJo t}ipe1.11 ~ may bo unde:s!l'ablo trom ttw atandpoint ot ~ 
pover· l"'OQ.u1l"Od. T•ldenct.tta to flocculate and cu~ ar..d ditticUltiea in 

Mp&ratlng the $011d tl"Om tb$ tlui~. _, &) so Mk• coUoicu 8'1$ponsiona 

undes1".ble. 

tabiltatng a.gets otabiU.M a SUSf,l&fdS1on against oeitiina !:ft Vari.OU 

way•, th&:br ettectt .. noH de~nd1ng on the propenu.e ct tM ool1c and 

fluid c~ents. ~kAmts an ut1ue.ll:'t' requiNd to eet.erm1n. tbe, 

toaatb111ty or a atabllis~ agent tor • given #l\lrl'.'1• 
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'Senton1te 1 a oolloieal alumtno-ailicaw eia.v \lhich hau proven to be 

useful for atabil1ze.t.1on ot . orll&. slur. ies. l\ retarda the tendor;ey fer a 

SU$p&OSion to settle by increued,r_.g 'the 'rt800l:1ty Of tho medium. rhi 1 

a1roilar to th& ei'teet or inereuinr the concentration ot a 9lur~· vh1ah 

~t,a. a settltn duo to iM'te1us•d otrcctive $.lutry Y1.aooaity. Ulurl"i•• 

eta. 'ilis•d wi·th bentoniw bave been uad a• 011.....-w:ell drilling muds . 

lncN-a viacc:Jity1 po;saibl• eeorease J.n chemtOnl tabilt~~ . and 1ntro-

duot1on to t.he sltn•ry ot addJtional neutron abacrbing ma;te.t'ial• may alee 

stabili11ng agent3 ~oair•bl • 

locculation 1s an undesirable e!tect re~Ul ting f'T'Q;a a<!heranoe or 
colliding elur particles. Slumea oonalsttng ot variabl& a!u pJU"tlolea 

have at.or teriilencios to flceculat& than tho composed of' eque.l a!H 

part1cl••· Flooculetion ls undodrable becaua or the pal"ticle grcvth 

and the change in etteotive al'Ul:"l7 viscosity wh1oh t-eault . 

Varioua additive~ .re useful in praventin;:z: flocculation .. Th u:aual 

eotion 1o the imparting or 1 t.lter a M,Pt1vo or po1i t1ve chal" o by abocr · 

tion ot tho (;etloeculatl " gent on the surf'actt ot th& \..rticlc . .ta 

reaults in particles v1th like charges being repelled (2) .. I'hospMto.-1 at"e 

Mlll known tlerl.occu1atillfl ~pnte for watel." b-y:;1tc.-n• (.)} .. The •t't"•otJ.v • aa 

ot sodium wro. hosphate, £O 1~ obJ.ol."!r'o, eodlw h)'cl"Qxiee, aodi olea , 

oalot eb.lorl.de • gun ghatti, and t annatA u doflocculat.1n; l\gent for 

bont.onit.0 ttatilizec' drlll1net .f.lUtls has been at:u.~ied by fienMdy (4>. 

l'etlocculat~ agents~ ('i,,hor incnnHt• or deoreaa the v1acoa1ty ot 
t alur17. 'The;r m.q b. ur.dedrable because or ir.i.ereaaed utron bw t1on 

e.r.d bee&UH of poaefble tn.creaMI .in the OO!"r08iV'$1lOS8 of t.he alurey. 

'!urb'alenee or the nu1d "! also be eff"ootive 1n detloooulating th• 



Ct r. poa11b1lit1EJti e· st rol' s b!. 1~ tion or sl1.u-rle$. 'Iho ei"t~ot 

of ti. .sou ~ rt ld on S'>lld usp n..:1ons1·1 of i wrest.. I~ f.s t;ossibl1 to 

oric t an. Ut:Jpl!l!l· sol1.ds in a n ui ~ mer.1iU'J1 wit; , pp11er1 on c rt ld { 5 ,6) • 

Ultreonie:t hav 'bMn s~ow to neutralise dila'ttlnt"' .. o .. e.arK Sil nsion (7) 

nd sonic fields hav~ pro'ft to b~ use 1 tor break ng up paint pi . nt 

gl rate (8' . ·J: aot1on of a sonic field gbt b oluaitied under 

the he ing ot turbulence. 

Th erteot1 ot lectf'.ic 1 cur nt &lld ot elt!>otrioa.1 and -·"'•tio field• 

on slur.de ave not be n 1 Gti te<! 'but appear to p . sent poss1Mli t...1.es 

tor ~rtain 811.lffies . 

C.ld. is tho effect h ch occurs when th olids adhere to the :materials 

containing t • slurt"Y• Caki 1.s ry undesirable: in circulating slurry .. 

fuel•t"e&Ctc1'61n that rlepo ition o( tieaion ble elurry particles OD tbe will.ls 

in th"l ... .,,a to con .d N3u1t in large 1 c oa3e:t 1n reaotivity due to too 

great a cone~ trat on or tiss1on~bl m!\ ri~l in th eore. 

etard 

uid 1H•..d • n of' ul trnrJon1es a""'a excellent 



9 

Tho propei-ti•a ot alurr!•• pNWent •~pan,tion cf' the phenomen or 

erosion :n oorroa!on. materials p.cowet the lvea trcin ao~roeicn 

by .ro 1ng an o.xi<Je oati their tu"tace. The .iur ' vear avq 

thio eoatillg and •xpo the t.rial to corrosion the tluid. 

The alum• aJ.-., mt.."V act to eroi:• the atruetural aw.tal by pa?"ticlo 

tmpi.DgelDent &lone. Broad.on er attrition or tho solid particles themaelws 

al so oocur. 

The principal taotol" dete~ tl"..c erosift tAn1(~cnoy ot a .i~· is 

the ba.rCin.eaa ot the aolid particles in relation to the hardn••• ot the 

contai •truotur-1 terial. \l n co~icering a c :ural terial 

to'r' oontatn1ng a •lurl7, om mtat al o talc• into aoccunt the hardrzosa or 

to hhe a ot th• oxide ooa.t which the material to • 1b.o aptted v1th 

\lid.oh oxt~• coat ot matePial is replaced in a giwn ttuid di• 

at el.so be considered. 

O r tmr..ortant taoto.n are veloc1t3' or the elu?"?"'.; r.latln to the 

etru.ottu"al terlal, pdticl• olM ana concentration of the aol1ds, and 

enait1 ot t aol1d Nleth·e to the fiuif!. Ar.i 1nonan 1J'1 'ftloc1ty or 

par\icle atae re11ul t• in an incl"ease in •u·osion.. in. ettect ct partiolo 

size on eros1on has 120t been detinit.ly establ11hed tor part1ol•• belov 100 

Jlicrona 1n tl1ameter. An 1ncrea e 1 conoentr ti.on or the at0lide ••~.tel.17 

result8 1n an incNaao 1n the •roaivenes• ot the aluny beeau• of' :tnct'O&•ed 

particle bpin,ement. • Nater the difterence 1n dens1 tr twen the 

solid • t: tl.u1d th at.er th,, e:ro •encu••• 'th.ie ia especially true 
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tor slun"ieo tlowi:ntJ in h.or1 sontal and cm-v d tubes. lti"hcn slurey 

compoHd o particles vb!ch 1a a greater <!enaicy than that ot ht :tlu:1d 

rlova around the bend in a tut: ; the solids e.i·a thl"O\m to tho outalle 

rosul tin~ 1n an ap:pnci.abl incro1u1n 1n erosion. 

•itin ot the pert.toles gnd subae~nt noo.eulaticm or tbe '"inoe 

• 1.s an uruie~irable ertee:t which "!l occur ~ur!ng the fi:. or alU..f9J.'7• 

It 1 videat that the study ot r d1atlcm and t sn!on d to a 

slurry r&11uLr e s flxperiJMntal in-plln :1t$ and depenr!o on t rtie• 

ot tll.(t c1t1c oons.t\tuonts or th •1\lrl7• 

11ssio. 1n the ac11d :oartlclec ot a :1l'U?.T,Y · ~ l"flault 1n th• f'artlolea 

'bct1n hPO en u1, C'u to Um tio ion to.rees. An incr-eaae in al.urt"Y vis osi ty 

ia an unde lrable result o,f' tbia ett ct.. A C:el"ta1n pa.rt1olo 41 o be 

1d rrom the standpoint ot •et.d.atirtg rta81()ll damage. 

.. .uotion or val"lous ls.don tra ments ~ intre.duo nev ehemicol 

otiv1ty to the aluny a:nd OJ!1Uf2e ~oaion, ml 1 01" in:at,abf.lity. 'lbe 

l" lole aiz of tbe uolids 11 i~ortant in deten:1i:nin tbo :roentage ot 

t.re fission o ucta \i!bich will escape tr-om the sltti"T'Y paroticle. A small 

ticle a:be to dos!rable 1n orae.r to allov for releee0 ot hi h oroat 

section tia.slcn products sueh aa xellon sa• vhlch aub2~quently can be 

remov d trom tho tlutd. It tm, pa:rtiolo d1au:eter 1a •de approx! .t.el7 

e1 ual to the averaa ra ot ttasion t~nts 1n too Qol,id, rel a o~ a 

large 'I! cen·t ot tho f'ieaicn roeuota to the fluid \Ii l be aNU!"et • 
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l?ecau e or t.~ 1nthlate occtact b · en the olid parti , es a 1 e 

at tranat'cr ~ a lurry partiolo vi th!n \lhio he t 1 

ly rapid Ind erticiont.. for ~lurey particlea or 0 

pat ti•lY ~1 a1u tbe tomperatur t{ro.diorito e.c.o t!1ti l rtic and 

~T.~n the particle and tho tluid atl"aam a ino!guil'!cant. 

The h at tran er 

that tho 

react.or 

u od a .. ., ~nt fo.;~ cerr,ing t 110 ·eat £'t'otl the 

han~ :ra. Or. (9) hn.s uholl l tlia tho heat ·an f'er 

CQ&t"!'.'1c1 nb !'or lic.u1d- ,:.;ol1d au pen lo t'l oving turbllently 1n vertical 

(1) 

wh i: th tl'!& · 

heat oapaoity 1 

for th• indivitual comp0rm1to, )( !.n the liquid v!::l<lo:d ey at thtt bulk =ean 

~r tu •• Kw is the 11qt,d.d T1$0t?.$1"ty at the tomptWature or tbo iruxtl" 

surt1&ce or th ipe wall, an<'.! the other not.at1Q • are g1v n b l"PPO-ruUx A. 

(2) 

( I - ~ )1.'il 
E>Y"b 
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tion or · al • 
Qt'Jduot.1 ty oe th 9U pension ilS c lcui. t.ed ~( t • 

T et la 1on 

(3) 

Lit, l.e or> no ~- . erlat t r predicti 

elurrl·s, howo• r a relatio. ling ( 0) tor 
rn~1 ~ttn or dilu pr 

cb or la 0 tlcle u diee 

111 th ~d . , w.: th scl!d ·'O 

r o.~(,~ 
(~c:. ..-o) 

0,0\\~\ cl' (4) 

e 0 u, i th 



1; 

<10 e ''tl.tldl the supe.rt1el l U:.C#S loci t)r baa.cd on total cross cti.on 

vithout p rticl.es. lt-- per br-ft2 or eroa notion. 

· ·, tter results :iit.ight b obtained by use t>f' tho wll knew D:lttu 

Boel tet" r&l.n.tion in oon3uncticn v!t.h th BatsGl»k rolat1on (ll, PP• 219, 

22'.3) ft,;r l•tenntnluz .-he viscosity and th fareer lation (Eq. 3) o 

d torm!ning tru therm! conduoti'rtt.;i'. The Hateol'.$k relation iei 

f(,,,., :: f/3 , _ e.,. 
(5) 

The :04ttue ... Moolter .t>el -tion wit,h the vropertleo o.t tbe fluid 'N"!:plaeed b-y 

th0: pro-pert!ee ct t:he mixture io as roll.oven 

(6) 

the Possibility of Utd»a the al.urt"1 to Oal"l"1 t., olida to tluidind bed 

eat •xcha•r outa1de the rn.ctol". ,f!U.de.tsa (ll) a 

various l~ a.t t'I."'\ ruster . tudie · en tluicl1•d sys'to1ns. 

A thcd or t"lov v1suaH~at1c:n by u e of' phosphorescent. parttoJ.e 

:1,urpf' erJ t: o f"luitl ( 2) '.'\'! p':"' 1% luahle in d t 

r.r propertio of sl:urrlea. 



ODS phase ct alurry ha.t:K1ling entaU. dei11p ot the &JYilteln N Quired 

to circulate the slut"ry. In ortter to f"eollitate tbla deoign• tho plt"f)aaUN 

lcaaea to ho en00tt1tered in the tlo\l or the alu?-17 aoo the sol1d concen-

trationa 'Mhich c~ be carried tty tho alurey mu.at. be p:rediate-d . 

Slurries may be claaaiti.ed .as tlevton!an or non- levt.onian SWJpenstons. 

A t•evtonia.n suspe?la:tcn is eha:raetertzed by a v1scosit7 ,.,btch 1.- i.:odependent 

or the ratft ot :Jhea:r. Non....t.-wtoman ausper.ad.01111 at"e divide~ into· f'iv& 

types: l>ingtuw pla.et:to. dUatant, t.h1xotrop!c. rheopot1c, and pseudo-

plaet.1c. .,ach of th.eae types «l"l't oharac:::tor1Hd by tbe 1"•lat1on cf their 

viscosities to th• 8tlt ot eihear+ Clasait'ioatton ot ~ slurry into one 

of' the &hon t1P6S is of 1ntel"'eGt tn evaluating the ~'iBOOUS flow properties 

ot tho elJ..trey. ~""Pl• (l) 1 an ueollent rief'ennce eti tho v1scoU$ flow 

ot aon-tlewton14f! liUS{:le!'.2SiOUd • 

P>:ed!ct!cn or the flow properttee of' 1lurrltt$ tlovinc turbulentl in 

t~$ 1~ a perplt?xin,1 talk. A detiaite relation tor \he pN:ssure drop of a 

elurey wlob is •ccu.nte tor all particle si1ea, eotteentrat1cns; temperat:.urea, 

and sl~ OO~t;J Wa!I !lot 7et been c•term1Md- j')Cl-SS1b11 becauao ot the 

many variable~ inYOlved. 

Caldwll tUUl Babbitt (13) 1n thei1." t.urts on clay .and M'Wllfl auapena1ona 

f"ound that he uaual trict1cn tacrwr plot; 0t1n b'1 ueed pl"OVided the d na1 t)' 
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~ and t"oo .UCoatt or the tlutd are 

cau ot 1 t .'la ti stmpl1cty • th1a 

· h1 the .~ · old1 

tbod o!' pre 1ct 

p ~ lotJa ha been u by inYe tigatore. Hcveft2" 11 data 

a1Uft'1 a t1 .. ng at h1eh qlcoltie 1nd1oate tbat th'.11 =ethod g1fta pres-

too consen: t:lve. 101 •• 'Which a 

Vat'io 1nYeat 

ttone ror tUot1ng the 

d.-nloped theornical an e:mph-1c t"Cla• 

of alUJ"1'"1•• (14-19). It ahould be 

t tile.' out >at '.fit:t7 or the Nsu.l t d not 

t ct that al.l at&.. 'W 

• vbil the Poli c pct1en or th alurl7' re attll 

'bein accelerated to the oarrrtna volc.otty. 

ln s in th tempera u or •lllr":t7 dee s t viseo 1 of 

t tl.Uic am tlm , addit1o turbulent emrn ts to 1ntn.1n the sus-

naion. nrt 1 ef't ctt accounted tor ~ t e 11nge in 

nUI!'lter and the:re on, .tore w1'\tnr I! otsontat e<~Ue.tion. for e a-

loes ot a lu t h.e.t it ! ind• nd nt or :ratuN. 

~ vtaccatt:;' o.t a g s ~ •not chsng as rapidl'.V w1tb te t"at as does 

that o... a ltquid •o that the ft'i•t1on wuld m>t ~ e apr-'Neiable tor ti•••• 
In 1 et1get1ona ot wi-t1o.l r llflpc~t or o ... :tda pees the 

ot the aolidd trcm the to th •• etrea 

v 1 not loved for. Tht• GUl tied in cted trleticm pre dro ti 

that ver hlgb. 

'or at 0111a ;,ta Coll· . ( ) en ie}'Gnllons ct a her! 

{o. lll. to 0.,0505 tn. dte .• ) ot glass, 1-e.d, ·'Qd stnl in :1* 

hortaon 1 •n s ha 1 i ate that pt'e ~ 1 • 

t or pure. 11qu1~ a in. 'felcclt)' 1ncrea •• 

rt elea 

n. tn 

a ~l"OaChee 
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b th 

iction re. tor fl"O t: e 

tio or 
- r 

losa o a owl 

intc th tollo 1 tdn e 

to t 'P-

~ ) e~ \J"; ) o( -\ 
b ) t>~ J 

ad los ot a 

(7) 

he 

u wh1eb r :tcti 

(8) 

i ~ 1 recap!~ t t th w los.3 ef e t1 ti 1 

o .. r1abl , c c be ..,,_,._,_, ... _ .ct1c ot th la t 

i! :::.. (9) 
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Flota of lag t ;ore· :J leg (~go8) f"or B giv~n . tori.al an-e l)&~ el& 

• iett h ~"' PI"t>VtM'l to be :in< (:\r'$TJ~n t ot slurry- tomporaturf! and "'1olur.;e 

oot:1 ntr t1an fol:' teir;?f!tl" tu.ra3 t . · S9 to lZ?0 an or volt.m'llt cone n-

ttat!ou to 16 per n nt. 

{lO) 

1'M.a -.1Uation he . tor all tel-We tested vhan (v!fn ) Cl/. 11) (V /~ 8)1/3 

s r h 50. It can b a ti tha • 11 ind pet>.d nt ot d/D for this 

rnlll10. It ta important t at the bead loss or the tlu1~ e.nd th alur- y b(t 

in th• units \I en UJillg 'Z (ft ot 'Ill U?"O O t t of.' fiuid) • 

l'h:1 lation . I t.sted ror O.) <"' O .. ' in. ~ter Ql!Ultl tubea, rO'I! 
d/O tios t: o .rn.73 to n. 2:;0, lltllt! tr.r Pk 4 ratios t 2. ~3 to 11. '.J. 

~ al'!ll"1 es t.? d nhow Bing~ pl st1o ter..Cenc1e$ and 1!:1 .ul.\t!on 10 

not lo tor ot.bel- types ot a s nstana. 

~ict1on ot t."le nO"W pc.n"tieo ct 9lurt'ie ~ b$ turth~ COl'llpli-

C t.d b)'t t ~ t1.ot tbat ,,ha tlu1d and solid oompcnent3 not t •l at 

the velooiey. Invest1~ati.on t !ow . tate Colle m lurriea 

rlo\.ltng 1" tu~ b hlrl ca d ha th :t'lf . loetty ct the olid 

~chi.ta .n·l l q1t of' th t u1d t 1. slurJ17 

-nJlco1t1ea. The ? loc!ty d att'H.iut1cm ot eolid artt~les in a 111 

f'lmdn. iu . tu 



l 

ti ot hem the ave Te1ooi • o tlie rtlcl a n exceed he verage 

v loo1t1 or th tlu1d. 

o~ o · 1oua re ona • ~ oonceut.rat.ion ot ol1d pa!"'tioles vhioh 

can be carrlod ~ lUl"l"y actor fuel !a ot importance. 

Vol conoentr tion 1 more illus tive parameter than w!. t 

eoneentration or exprea ing the percentage ot ilolid• in a lurr-Y, beoauae 

wt ht oonotiintnt1on t·• nds on tho cen~ltl a or the aol.1~ an tluie 

ol~ conoentrat1on · ie 11n 

sl · 15 l 

too JI." t to 111011 il • 

this 1• 

rtiCl!!! att Ot 

qtn't"1e:~ er ~pbe l~ l rt.1oltttt i • 

n her 1" ti eor:.een ttcn t a r~ fl:ftrt!clee (22). Tm 

volo.cit \.li~h l:lrlcb th 6turcy Js cirnul ._tile alrio rr, ct th cone ntratton 

which car.. be carried. 
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exist r~ detemn1 slurry parUc sia.e. f:ell V.:tl 

(23) ~d l..applo (l) ,. i cu:.s etails ot tho various 

coneentra ti on 

(15) on OOU'Vi Y• 

of' tho G loclt {44} and al:jo dep d on th den.uity or th& solid 

ptU.,.ti 1 1u lat1o~ to the c!u~o1ty o the g 1 ~d ou the J')al'°tiole st• 

• Th lation tlle u nartiole aiae an· limit! oonce trat1on• 

which natl& tor liquid eluttie.s. ~ t1ot be apparent tor gueou~ slurries. 

It is desirable to meuurn th• concentration or reacto1" elurriea 

l.. 'ea.aure ent or dU'f"eronec betv , the pl"$!UJure drop in a vert1al 

or 1n¢l1ned pipe end tflat in a borl~orrtal Dip&(251 2f:) . 

o through t.'le 1pe containing the slurry (25,27) . 

t or tt le bly coupled ptpe o reylf48 the 

altw (28). 

4. ~asun~ nt o · th.& prodlJ'Ct r;t d.•nsi ty D.fld viacotd. ty by t?leaauring 

'S. 1~ d<t rence in .)$U"G dif'te tie.1 or n 
h tw pr&e dit"t• t a1 er at.ir..ff deVi s, on• ot icb 

earriea the al~ and tho othe ot whiob oarri•s the~ tluid (29) . 



Li\.nid slurrt .s ~ 'be traniJport.~t'.' 'by CM.\tr1fugal, eleetreimgnet.10, 

or gas l!tt pumps. The eliH~1'A'orrapet1c (EM} ~ is teeal tl'om ~ 

otsndpo~t ct r»t recruirl~ seel!n,g er movillg P•rtsi kt r.q'Uiree e al\trl7 

that ia C. ®ndU<ltor. '.\lt$ El f\tmp has a ~lor C&p&Qity than the 

centr1tu,al pump. 

ntly th• *'gas lltt." p.\l1J.ti;. \4.a pror10Md tor han!lling reaotel" 

elu.ttitJs (30) . Althc~h this tJ; ~ :PW7'41 haa low capacity, 1ta t.dftll~gee 

ti'OfiJ the atahdp:.iint of •a.ling e.nd el"oGion ak:e 1 t. verr readblo tcr 

pum-p1ng slu't'l"ieu. Gali lltta havf' been e'tllua:t&d in co:mection with 

C>Jlt!l'atio or oil 1-fl'jlli (1). 

Tr. h1et prcblo11l$ 1n d&etpt.ng 9ntr1tugal pumptl fer reaotor slurriea 

e.1"'& St; 1~ tllf' l'W'!~ tc prevent ~scape ct' highl7 rad!..oaotiY$ t.;l.Ul"ey, Wotton 

ot tbs *>Vin~ parte t.'1 the pu-,:ip, !Uld in-otcoti~-; the pump 'bearings tr-c. the 

alll?"ry. Canned rotor pun.pa nf;pear to be the ta0ut aa1 table centrttugal 

putlp tor handling alurr!.e end aolve tho aealin;; problcw~ . ~st.ma tor 

f'orC1ng f~sh nuid through the '()' beariDJC mtl1 pl"OV •Jl.t tho 1Ut"l7 

particles !'N reacb.11'1€£ the beaJ'1l'.16«h ltrooion of high speed pwti,P l?tp6llera 

of' 1.ih1Ch depends on t?ave= t."lp~t,mt ot hur1~&r IDO:t'O .,ure.ble imp.ollcr l!?a:t,er1alll• 

l::'~stell?IS im"olvin~ .:Wf.!$X-. t\C!! cf the .,.1.'.ilrr;; b.e:er1;> tb:> .i-1\11\~t ar,c !ttlbr.;e~ue.nt 

reitlxln!: in a bij:h v~locity jet l!1Je.oto ... t"allo~i'l'lg the pu~ pNtfi!t.t. f>03ij1bll1· 

tlea !c~"" tiumpin ,.;:,;d';., olui. t>fo111' ?bh i;c~5!1't:llit~i dcc,.l 1:;?t &.i'Y~ ·. · to ha'f'O 

bHu itrre..-Ugat-Ad ¢.r.,;:; i..; lllust .. •1t 1~ 'by ·1.tzur• l. 
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LIQUID PLUS 

SLURRY HYDRAULIC SMALL PER CENT SOLIDS 

IN CY CLONE 

LI QUID PLUS 

LARGE PER CENT 

SOLIDS 

SLURRY HIGH VELOCITY 
~~~-~--~~~~~~~--' 

OUT JET EJECTOR 

FIGURE I. POSSIBLE 
EROSION 

SCHEME 
BY LIQUID 

FOR ELIMINATING 
SLURRIES. 

PUMP 
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Jet; pi.imps and gaa lift pump• are probabl7 the most !euible aethod 
' 

Methods of eparatin. the solid. particles from tbe fiu!d m1J13 bo of 

importaace in prooess1ng.alur17 tuels or in certain tJPeS ot slt.ll'l'1 reactor 

deaigna (see proposod deaign ot Vaj..".OX" Sl~q H.eaotor). A teaai'ble mode ot 

solid aepara.t.ton £or react.or elurr:i.ee appee.ro t.o ho use ot centr.Uuaal 

separators. Cetrif\1ial separators which rcove aol1d11 traa a g.as are 

referred. to u cyclone aepnratora vhlle those 'Which separate solids from 

a liquid ere called ti,dro-c7clone1 or ~aul1c c,-elonea. 

C1olone asparator~ havo been uacd. m8Jl1 7ea7s tor duet eolloctora and 

aah r oven. The aopo.rat.1on etticiuncy 1a depen:lent on particle size, solid 

concentration, in.let veloo1t7, an:l ei~e ot tti. CJClone. lt inereaaea vith 

an increo.se in partiolo aizo, 00t1Centration, or velocity emd a decrease in 

cyclone d1e.m.eter. The prflsaure loss thrcush the 07olon alfJo incre Gf'.18 vitb 

en increua in Teloc1t;r or deorllaae in cyclone diluaeter. For. conventional 

ildustrial cyclone it hwi been reported that the lo&a 1 4 times the inlet 

· oloc1ty becd {Jlt .P. 811) . Cyclones riq be used in parallel ~ement to 

get h1 h separation ett1oienc1es 1n oonjW10tion with bigh £low rates. 

Collection of!'iciencie:s ot 98 per cent lle..ve beon chieved or eparation of 

heavy ooncent.ratione of duet down to 2 microns in die.meter. C;yclon sepa-

rators have btien deoi&J:led to operate at tetaperaturea up to 1000° i' (l,2J,)2). 

Hydraulic cyclone.a have been used in inclus't.cry tor: dtusllming coal. 'l'be 

variable• aff eoting theJ.r operetian are ~ueh tho tame ao tor e70lone eeparators. 

Soper tion ett1c1encea ot 90 per· cent vith part.1clea down to )0 microns 1n 

di eter are ach:tevo.ble (>J,J4). J.. 10 m diameter cyclone that will separate. 

~ icron clo,y ptll'tiol•a trw.o woter hes been reported {J5). 
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Qlk R1dg& lmtional Laboratoey lms started devoloFf;ect ot hydraulic 

c1olonos to reraove preoipitat.ea PuG" tro.m blwet,a and .1nsolubl$ .tield.on 

products tree reactor tuela (JS,36). 



~r re d~ the pl"O'l~.OUtl diSlJ'\lllOi()ll nf t,,ha propertie·· ant d!fficUl ties 

er 3lurrl.es• en.o might al< the qU49stio~--vh;y use slur .," tor a :."i9actol.'" fuel 

when a. t"luid is so :.Ti.lo eaater to haMle1 ~ ~ several reasons -wey 

al'U?'1"1ea M.V9 been oonaMe ~ for nu lea reeotor ru 1 i: 

l . F.1.uidn 1.il:doh w1ll eott'bln& wf.tb :ttsdonable or tert.ilG mat.er1a1 (U, 

'l'ht Ft1) ac:uP.t!ir.eS ar~ "'o C01*.t'¢ai'VO that. no atNotun.l matarialt oan 

be !'otmd ':.hat. will contain tboo ror long perlods or 'tL1w.t at temper-

atJ.rea dodrable 'to~ reactor Opel' tiol'h 

2. Df:.:5~b1 con"6nt.ration~ o!' !"1aaionable or rert1le ln&.terlBl :1Jomet!mte 

ca.nnot bo 1ncor-;:or>at d ill .t"luida uM.ai" have id~a.1 heat. trans!'er,, 

pllj"dival• or nuola::i. proDtrt1e..l an ahom.taal." ·the~, &.1'-' rnd:!..\ltion 

ste.'b1U ty. Jlurrtea aan be prepered 1n heftT'J or lig~1t oonaentratlon• 

of: t"hsion.ablfl or tartilo xriaterial vh11e th!!.l .:i.. net alvays the CQN 

with f'luf.ds . SlUI-,d.«1s ·~ tncor :rate f'lu.1da euoh a M&"Jit veter 

whtch. tmvo 1 ~caJ. nuclear rior:pel"tls.h A nan-eo rostve nui.d. -.:1"t~l. 

su1 trlble nuelee:r I(r'oper .wa h6.3 not been round t~t "t.till COJ'.Obino \/!th 

tho..."'1UM !n aancent.Pat.tona uitabl~ for b.re~1-qg applioat1ons. 

rl.\dcs--aquoous solutions, hydro.xioea, liquid ootals, and .1u1 a. Erten.a1ve 

~'!" has been doM on the J!,;a.nhattah ·!\'"eject (221)7,)S), at Oek Rie!t'e National 

Lt:.borat.oey (ORltL) (l,2!',35,361 39-50), an. in t.M ·~therle.nde (;o) on develop.. 

ment of elurri•• or the oxides ot uranium 1n aqueous aolutiona. 



ORW,, l:.aa al.to developed tho:ri1.1m oi:ide-aqueous slurries. BrookbtJ.ven Nat10llal 

Laeoi-ato17 (5Z)53) h.u de.vol.oped alurr1ea con:sistiJlG of intermetillio 

cm.pound euspena1ons of U and 'l'h in liquid u-tala. Various vor.k. htUt been 

done en alurrieo u.tili~ing lqdro:d.do:¥ as tho fluid element, ehiefl.7 1n 

conjunct.ion with work en de'VeloJtr.ent or e renctor eUitablo tor aircraft 

i-il'Op'Uls1on (56-64) . Somo \iork bo.e bocn d.ono on f;O.OCOl.\S reuotor alurriea, 

hovavor W>.ot of this ha.a been 1n conJu.nct1ou vit,h develoµmeut of fluidized 

solid bods (30,65,66} . The following d1scUDs1on ia a brief eWWlery o~ the 

inT4Httigat1ons on eaoh of the r.actor slu.rriee. 

A11 ucellent .~y of the enrly l~nbctten Project in'\'estigation ot 

uren.1 oxide slurries is pi-ea•.nted b)' Urahe-nbautt (Z:.) . 'J:his work consieted. 

chietl.y 0£ invtnroigo.tiun ot thf.i chnuiiosl, t,hf4~1 &nd p.h7sical prope:"t:tea 

ot the ox1deo, alt.hough s~e eroaion rulil corroii1on work vu done tor 

epecit1c structural n.d.al'iala. Uraniutn dioxide (U!J;a) and bla.ok oxide (U30g) 

"eo reported to buve scratch ha.rdnesalif's of 1'\\0h 3.5 <h:1pond.1.ng on tb it' 

prnioua hifttory. Md qdr tea of ura.niuu t:r1oxidv (003) were r"ported to 

have a scratch ha:rdnEIHtl or !.oh 2.!). 

Early work ll.t O:UlL WA devoted to devulopr.ent of a'-1.ueo"~S urs.nil.411\ OJC:ide 

slurries ·that would not sc.ttlo uzrler stnt1o conlltione. tiecause o;f ~ 

d1tfioult.1os involvtxl vith thu UB6 01' stabilizing agents this 11ork vas 

dropp¢d 1n ta.vo: or develotJttmt ot slurri~s \lhlcb could be easil1 ro<Usperaed 

after sett.ling. ORNL Gpl-1Citiod that a al'UJ.'17 contoitd.ng g:QO p;. o:f o.Jtide ,PC' 



liter v'• ch 'll';t.;3 atnl e a.;~ain$1:. 0111" ns; and tlocculatio at ;)82° '! (250° C) 

and lCOO piStt wuUI lne1 1u1tabh\ for the l"f)a,att-vl' app11a!lt1.en vbioh they had 

in 11d. Iw.r<J,,,.t1u,ll.tie~ ::u.!l0\fr•t1 t::.Qt UO) wns tht+ iat .... blQ 1$1".'j;:.::. 1!i1', ~ form 

t.•i \.hf.) ti· le~ fesi• 1.1' .ue<io'l.tS 1'l"~rit at t-.C °? (43) an<1 :l<)n.Se',u(U1t: z:~at 

Tho chit t J . .r.:rl:il(';ri!l \lbi~}. at\.u: 11 t~.a <'ttv.,,.1lci:111 nt l" '303-f.~.~ous 

.alu..rri..et ,._ . .._..,.. tht'S(t ot !1.occUla,t,lon !tOe e 'ktng. ~tltJ1t.lv g CO?l1'l t,1 · Of 

in ";//'/ std.r-.leusrs tubin ant! ral ro111db J.iUe . ·~re tnfts't.1£ t tt! n ':! 

ettort to corr.:: ct tbla. m:-riea co t,;.& tntng l' r 11 tAr u 

l f1fU" 01• an1 crlde oeydat& (U03- U20) r4(, 2 pat-t ot u rrtl phoe-

phate [ (tro3)3(ro4h:•a2o] \i ·?"e ot?'at1! t.cd ror 4SO hr. '11th l:tttl"' e.-tc1on ot 
cakinr.i" (4S). 1the sdd!tiou er ttio phoepbato !ncre ~d the cor oaivenEiea ot 
the altlrt7 but th!• < id not appeal" to be cri U•l • Tb& hospbc.to aleo 

1nonaJed t.'1 viscosi·ty ot t.h.e slu.rey. l'eD"-1 tJ.rc in 1"tJ{1t,.11 tn4*nt1 ror gt"eater 

ptL'UP1~ power. 

E.'(pll'i"Mttt~ at omrL hll\W pl"OVon the orcstcr. ~Y l103·H20 iiJlunoies to be 

uncri ttc f'.lol:• U1le i "l ata1nlcsc steel . 

f'..lt!!Pi ,., t 1tsts. ot 'ill.UJ"J:lli&a W1"f) ,s;uccoastul. td th W.f3GtitighoUM Z'.i1QA 

carm~ rot.ci- pu~. 3<~ df.f'flo1lltzr ~sul~d ;!" .. oo th4 ol'U.l'ey file.oh!ng riu.>np 

~-qrlN":;;!!, howeve't" the cMe! problm vss pt ,..tid.4' tl . aati<".n 'tr h1gh 9P"ed 

pump !.?'!\ llors. 



shl(?I de~~ ·tlon ot p«rtlc1a; ~."!'> tin a ~ r~nt!'J oe ,i;; d. Cr:dtig of 

t,hfi ulurt7 Qf. th;; tnto:ri ":!r tntt"!tmtfs ef! the rad!at!cn \'>omh We$ al sn 

pt-e-v le'!.".t 0). A t'l.6.t·unr.t uran1u!o or.'. o Gl'1'r1:":.' v~~ !tf.ltHJe~w ton f'h! ion 

dt»r..sit)I (,r 0.2 we.tts per p .. ot urM'dua c.xide and itrt prorertieu \tGl"O 

on nt.1 , 1.lr. ~1.rf:d . U tt.1 ct.ldng t'lr part!el.., 4'~f: rn<1a.t1cm ei "'ur,.,d (46) . 

e ln:ttE\r sat. 1ne':1e:lbtt(1 p "'t1.,µ reduetion ct the ' ':\!um o 1~ttJ ew:ver 

ate as poa.oi lo al t..m t.e Ul"l:'ieo. µrigneoim uranR slurr1ee wen 

unauitabl., beoe.uae ot tbe1r tendttn to cU:e (42) ttnd ur~l oarbonat 

lut:'r1cs .dec=posed at .1182° (47) . 

Tho nctr>r Devolo nt ttroup or tho thwlmda Reactor Comittee 

(IRC) bea de•ignod tw raat.ora utU1•1ng oxide15 of un.."'lium ('30) . Uran!um 

dio::d.Clo vu lnot.f!ld R.:3 tho ~at t :v"On.bl.e roddt-. rt v a to'Ul'ld that uo2 11 

tM!'llUlllv • 'ble at 482" to t.bb t!.ndi s ot C • 

ntio.11 w.att made of the ta.ct that. tM urtaC3o or all the oxit'os co i•t ot 
U03 in 11. ~~reted tOl"l'll ttn! this aq aec<>tmt f'o?t the <'if't~ut rest\lts . The 

ft) foam that C:02 wapenstons did 11ot f'loccul1tf> ot" oak• when the pH ot 



th• 8l'l.lJT1 vu betveen 7 and 10. A value of ~.oh 4 vas de~d tor th.a 

scratch b.IU"dnesa ot urnniw. dio:dds am erosion ot the rslurry but not ot 
t.be atruot.u:ral utcrias uaa expcotl'.!!d. The eftect ot rMiatioa end fiaoion 

d~e wee inwst4;atc:td in Jeep at a flux of wc11 neutrons per aq, cm per 

aec. end the atabil.1t.y ro:uined. The tmc proposed use of gaa lilt pumps 

to move the tlUt"T1J w::d thus eliminate eea.l.i.ng Md bear!Jle d1tt1oultJ.e•• 

end high v•loe1ty contaat. 

Slurriee of tJ:aOs hct•e been prepared an1 ehow promise (51). 

Beo11.uae ot inability to comtd.ne thorium with fluids suitable for 

reactor ww, ORNL bti.s done enenai ve work on developnmt of' th i ;;, dio.xide 

(ThO-l) slurries tor \1$0 in breeder blankets. Slurries were preptn. ~ in-

coacent.l'etions up to 1000 p per liter which were eaaily r«l1sp8l"sed after 

settling. 

Th1> errosiveness o'l thoriw dioxide alcrriea wu the pri.&81'7 problem. 

Slurriea prepared 'b1" cal.cinatioa of tboriwn oxalate have exibited a 

hardneao ot Moh "1.5 (3) wh.Ue the h.anhleas o,f 347 etainlees uteel is Moh 6 

to 6.5. The hardness or thorium oxides proved to b1& a tm>.0tion ot the 

method of pr~parat1on and oxides prepared from tb01'1W lqdrondo were loss 

erQSive {47). 

Pwaping tesw in stainles3 atoel tube• on el~riee caapotlGd ot the 

harder form ot TbO...! indicated that ftc>asion w~ not, serious at velocities 

bolow 20 tpo in linear oectior:us. Drastic voaion of the tuboa oooured at 



29 

90 fps. tro&101'1 or pum.p w.pellm·s,, tlO';l J"l)lltrictors, e.rA tub be.Mo was 

ee:r1ous at. til.l velocS.tio {l:S). 
''dditions of Oi end ro4 ions to the ThO~ slurries wore !"01.ltd to reduce 

tho a"tack on stainless 11teol. 'l'i~m proved to b~ a more erosion 

i.· si t.a.nt. material nlt..hoUf;h 1tu hvdnesa ia not ~re1:.tor than tba~ ot atain-

l s steel. 1'h18 vas thol.l{,tb to bo due to ti to.ot that titani formed a 

atro1l(Iel" oxide i'iltl O'I tt.at :l ta Ollide tillrl vea more rap.idly ropl cod after 

abraaion. ThrH 'terials wre tourn that will rsto.nd up under abruion. 

b7 1'h0~-hard olu:'nme pl.ate- on atoel, stellite, and o~idized zirconium (47) . 

OltNL concluded that relat1 ve crysWl1n1ty nd paat history of the thoritml 

dioxidf were JtOr& important ofteots on .-roaiveneaa than particle Gize (48) . 

V..arked increases 1n v1ecosit7 and decreuea 1n a•ttled bulk density 

were observed in an ext;ended pumping test. 'IheGe effeote were town to be 

the reaul.t ot attrition of the alurey particles toUoved iv flocculation ot 
t.he tin a ()6) . Sodium sll1cate, cal€on, anJ aod1w wrophospha.te proved 

suceeeatul as deflocculat1na egents. Oxalic acid and ~aloDio aoid proved to 

rtootive in rodUCil.li tile viscosit;/ (49) . 

OR.NL prepued lUXed alurriea ot UOJ u a solid 11olut.ion in Th~ vhioh 

were stable at 462° F. Thia elUJ"l7 wu not as abl"asiY& as Th°" and presented 

poaaib.U!tieo for USG as e. eombino4 fuel-breeder. 

Th02 alun-1ea are reported to be stable age.inst radiation (50). 
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L.iq,uid tal an ot interest 1n power reactor dea!p b.oauee ot 
their excellent he•t transfer propertlea em ada.ptabili ty to b1gh tempera-

ture ~ oyolea. A 11qu!d reactor t'uel ut1l1zi the pl"ope?Pt!es or 
l:1qwd mete.1 ta extrttmel7 <'••!nbl•· 

Bl"ookbaftn National taborat017 (BNL) ha• deaign d ltqutd tal L'uel 

a utilizing bi th aa the cbJ.et component or the fuel (5')) . fbo 

sclubtllty or U?'W tn bianith 1a only 3 per cent by \Hl1gbt. at 1292° F 

(700° C) and thus:, in order to obtain higher concentNtiontt and reduce 

enric, · nt requin~nta, elur't"ifnJ vere resort.d to. 

BlJL developed YaJl'ious inte talU.o compound d1speraions '1hieb per-

mitted higher tiaa1onable or tertUo teriel concontratl:O!l#. L1q,u1.d ta1 

$1.Ul'rie.s &l"6 tdean: suited tor ota'b1Uaat1c;n by matchiq th ~erui1ty ot the 

fluid vith th.at ot th• solid att<l much or tb \tlO!>lt J>l"OO&ede<! touard thi soa.1 . 
Attempt.a c !»U:Jpeni! the o:dt.!oa of uN.fd.u.m 1n varioua liquid metals met 

aus .,.~sion VAS gl"fiater than that or th• liquid thus giving 10 a&ttl1ng • 

.:hwpentJion ot Uat 1n. Bi- Pb all07$ wJ.t.h 80-98 per cent Pb wi-e tot.mo to be 

at.able at 1112° 1 (600° C) . This auspen 1cn allowed sro~ r coneent111et1ona 

ot urantUtt than U3B1,. 
The most p:rolliialng suapell$1cn developed at. mt was an int. tatU.o 

c ot USn) which vaa otable 1n many Jai..Jllb...Sn e.1101"• The cene1ty or 

l13n3 (10 gm r;er ='> vaa m tahed by alloys eontaininJ 3-S pei- c.nt , 35-40 



per oent t and the reat Pb. Thus, th1s slurry ia' !deal trom the tent!point 

ot eettllng stabtlS.ty. ezing polnt ow to 20;0 1 (9S° C) were toum to 

that of iron and th1 3ize and ahape ot t'-.e pa£-t1oleti depended on the thod 

ot prttparat1on. 

ot tb• aolU vu approx111t4 11 equal tc that of the f'lu!d and thia qatem 

appeare" vel",Y t'•a•ible tor fl.dint blanket.. applicatitma. 

Sl.~ of PuSn3 and ~ in 11 uid •tel•• tJ in Ce, U 1n Cd• and t1 

in Ca. haw bettn ~estod u ot.hel' Poa31b111ties (54) . Lithium apparentl.7 

does not alloy aat11racto.rily with uran1 (54,SS) and theret'ore, si:.apena1cms 

ot tale or int.e talllc O~c!s 1n ti? ntl ht poaaeu man:y a~ .na 

or l:'eaoto applic t1on. 

Tho ooneentre.Uona ech18"ahl• 1n these sltu"ri•• ·wt.i•e tound to b9 

tiole s1M and alla.pe1 an<l the vol 

volume concwntra.ticm of' 25 r cent wa u~J to tor the 

\IU tow:d to b th• moa~ autta le container ma.terlal it ua.d wit cottoeion 

1nh1b1tor • Gra..t>b1t& i11 t •ttacked by Di o that it UtJed a. moderator, 1t 

s no adding. 

pe.rtbl to tho · "" l!<\Uid tt.ls \lhen :proper allowana. are ma.de tor t 

et.tr.ct ot the oolida on the co:istanta. 
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11 s culd also 

ff.rd oxir1ee ha"te been oonatdered a sst ble reactor tuel a be USf> of 

their excellent moderation nl"Opert1J!ut, lov •utrcm absorption ro. 1 

a low v por pre~a o at high t-.ra.tureo. Their light wc1 ht al o re onts 

advanta ••• if consi~• a reactor rot" aircraft or .rookot propulsion. 

ttempts to co:mbtn uranium comf,!Ou:xht witl1 d!Odiu:m hy ,.l"ox1<l• have t with 

little succee (£,1,63} a tbU•, orut must Nsort to t: t- al~ 1n order to 

eht ve rudtabl ooncan tions. 

Urani.\lt'll tr1md.de appeara to be the :20ot tttable ®lid !or US<'I in NaOU 

slumea. aOH .. :oo, alurrtao containing 5 per cent uranium b7 vei. ht hav• 

been cire te~. 1n a U tlow looµa at tt0lle :eir.ortal ln~•t1tl1te (BMI) . 

Cona1derabl particle rovtb vas a rent (56,'9} . These elurriea wre not 

table against ttlinr; but wre easily raau:sper.i!e<'.! ._rt.er atsM1n tor scwc:ra.1 

The oh1ef probl with hyd ox ~ert waa that or eol".t"o81on. ick 1, sole, 
IJ11ver, anf1 Pla inum w th& only rmit.Ala vhicl1 -~ to he:Ye .any oc~t of 

COT"ro.~ton siot:tnce to t.1le • c!roxltlea (57,SS160) . ficnl appears to be the 

t"ea 1bl tor N&Ctor uao.. Mes tr der, not inter ranula co•roaion, ts 

that additlona ot powdet'"ed alumi or chrcJdum to NaOff nsulte~ in r 6uctton 

tnd po11ibl . elimtn•tlo of mus transfer up to 1500° F (62). 'l'hia f'1n( tng 



t".irbu1 nt. or 

appl1e (64}• 

(61,63). 

33 

f'jt Utll • 

not. be tun,- eval1 ted ttl 

dou t-

that top 

00 ct1 or JOdi h t•t.nt!clo 
o.'i 0"4-

• atio 
N"' = O. O~\ Rct Pr 

ot 

" st bl to ra(liation 



J4 

• Claosif'ice.tion 

Slurrt tu.el reactors may be olaeaitied according to the .fuel flov 

arrangcait-heterogeneoua or homo eDeoue. Clruasifioation r;Gy also be aa 

to whether th• alu:rq tu l 1 utationary, boiling, torced ciroulo.tlng or 

combinations the.root. .Further Ol$113itication 1Jl.q b~ U 'to the .function of 

the elur:ry in the nuclear or power .• oru prooe&•• I"'osa1bU1tiea are fuel, 

fuel-cool t, fuel-f!iOClerator, ond f\l 1-coolan~o1era.tor. 

lt is evident that a heterogenoou:a altarr1 tu.el r F.1.Ctor is quite 

different from a heterogeneou nolid fuGl rec.ctor because or th tvo pbaee 

cond:i.t.1on ond th light cone t.ration or tistdon ble .mat&r1al 1n the elurey' 

tu.al . Tho usu.al deefin ot a het•ro eneous alurq reactor ia that ot a 

eyatm ot parallel tubes containlnt. tho slurry, ourroun ed bt m.odc;rf1tof' . 

The modentoi- mq bo liquid or aolid. and the alUJ"ry ru 1 iu utilized tor 

carrtin heat. Mo t prev1ou do 1 na 0£ lur17 r otors hG.ve emphasia th• 

homogeneous t,JPe, o.lthOUE)l <>n'2 earl7 Uantord design and a reoent.l.1 proposed 

deai&ll by tho Netberlf.mda Reactor COID1ttoe we.re eterogeneoua (Table l, p. 40) . 

A.dftlltages and diae. vanta es of the homo£eneous and heter cmooua 

e.rranaeaenta de,pend on 1nov tiona ot the apecitio deai.,rn; hovfmlr ,_ oe~ 

criteria ind104te PQ9s1blo o.dvant&ie• ot each tJP•• The follow1ng are ad~tu.a 

ot the homogeneous OJTf&nl ent over the h-otero,i;~ousJ 
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l. Fowe1~ neutrons loet, Rrd thus lo-we.r' Elrtriob.t.'lcnt rotluir'ed due to 

lees structural material 1n tho ooro. Struct.ural. li:lttteriala vhiob 

are way wtiak neutron absorberc arc dcairable but not neceaeary. 

i. !..eaa e.rouion due to lov r velocities ~nd leau ulu>:r.-y conta.ot vitJ1 

structural m:a.teriftls. 

J. ?oasibly .lesa radiation dm:u.tge to structurat materials. 

4. Less pumping power required. 

Advantages of the heta'o&cnaoua arrane;~t ere: 

l. Leos uncertainty in the t'lo-,,, mid st.abiU.ty of t.he alurr,y. TurblM-

lonce induced by h1t;h velocity tlow through tubes mq b u•od ea 

a m an» ot aohievin.g •tabilit;r. Matched denaitiea, atab111zing 

agent:., or coapl1catod tlov arr~mcmta are not needed. No hot 

epota as a result of atagnent areas in eore and lesser cekirv; ot 
alurr;y on structural materials bot.b due to higher turbulenoe. 

2. Veraat1l1ty 1n the tuel"'!liloderator-ooola.nt arrangement. Slurr1 

need not bo a good moderator. 

). Smplicit.y in dedgn and lees critical otreoa requirwnent,:i due to 

the posa1bil1 ty ot t.ui~ ot tubes to eontA1n the sl\.irrt. l.a'rge 

pressure veauels w1tt. b:\gn atreaa concentrations due t.o entrance 

and erlt holes end due t'3 thermal stresses tro1A absorption ot 

radiation are not required. 

4. Less loss ot neutrons by etN~ duo to smeller holes entering 

Md l•ving the oore (67) . 'tbitA tidvcwtt.tge woul.11 be more pronounced 

tor alurey whioh did not r.ave $n::f moderatin& abilit.7. 

'' igher power density due to greeter v.tocities, 
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6. Possibilit.7 ot providifli rar non-unitorm tu•l loa11ne; t.bua 

aoh1e.vinc a. 1'1.e.t tlux .and ev•n power production. It bu .been 

pro<ven both experimentbl.17 and theorotical.17 that flat tlux ia 

a criteria tor m1n1= cJ"1t1oal mua (68,69). 
7. Decreaae in neutron roaonance absorption due to goOl'lle't'.ry. 

s. Poaaibility of pro'Yiding for o tubo .t"ailure by simply pluggizls 

it end thuo prevent lengtl'l¥ ehut dowe ror retmir• 

Fr tb• above comparison 1t vould appGal" that the hatei-ogeneous arrangement 

hu mAD1 flllYanteges but that thGee 'fM7 be overcome by the diaad'Yant,ege ot 

il"Mt.er parcaitic loea ot neut.l"ons by structural r111teriale and gr ter erosion. 

1'.oat slurcy fuel reactor deaitna have been eithor the tarced circulation 

or boil~ typeaJ how-ever, a liquid metal .fuel &l'UJ"17 reactor 1n vhich the 

slurry 11 atat1ona.ry :Me btten proposed (Table 1). The 'bolling slU1T7 reactor 

m117 be either atationru-y or forced circulating. Th0 statioJllll7 boilillg alUJ."17 

:r actor hae been g1von =•t or the previouo conaide:rat.1on bf deaienera. 

Stationary ud atat1onacy-boll1na slUft7 reactors possess the ~d:vanta;e ot 
lower fut;]. holdup, less eroaion, and low:r pw;piflG requirementa. he forced 

ciroW.ation •l'UIT7 tue.l reactor possuaee toe adwmtage ot greater power 

d.t;nait7 and mor& ~cal and nuelear stabllit7. tbe boiling s1UIT7 react.or 

ie faced vith tho problea ot •apor aeparation W1d alurry oar1f1 over by foaztJna. 

The function wich the •lun.'7 will aerY• 1n the nuclear or pover remova.1 

procosaea de:peida on the inate.riala auit.blo for comprieing tho compononte of 

the Slur17• 
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~\ •1U1"1"1 power r tor ll3aY ope ate throe poas. :ble cl&o. It _,. 

ot as a source or he t ·bich 1 e1r°"1ated o~t~ld tho reaotor and led 

thro b he t exchangers or 1 t s tluid 1taJ' be as directly tbr h t.ha 

turbin a 1n the powr rel • It t e. latter !a used tbl"'I ro:tator operate 

eithei- on ~ (fr th• Brayton 01el••• Th • pcasib111tles aNt il-

lus~to to' F1« 2. 

to tb$ ao:npreusor .and higb separation tr1o1e:noy in thG separator. 

advaneqe of V..c Brayton cycle it tbit it can uuo inert, non-«ro 1w aHS, 

such a hQli , u mot1•• !'luic, tor th eclirl p cl 1 ant .t s outlet, te 

para a ot lim t d by swr • 

t var! t1one or thoo cyele:l are r•:sU·,10. e ptcpoaer V: por 

cto~ illu3t a one •sib1lity. 

Th., blished dos1 o o~ slurry zel reacto s .-ro 1 U.d in bl 1. 

The f"l:utdia e ol!l'l '.l'leadto do twt s'lttiotly tit into the al tctory, 

hut we~ 1r.c1 ec bf>caua or sisn.iltll"!f'.J.cs in t and oau 

11 rrlea ar~ ttuually rtn e .whe in th d ·11 n 'for oliti ,ra,n ".:o t, A. 

W:-'f"1 t"MQtor baa not 1:40 buU t aw, u' 11 l of tbes eetd.jJna ue pre WI 

that rw.t•· addJ.tlonal st.igati nan ~rl nt.: ti.on to .f't:'l't oir 

eaa1bU1 t • Li ttl n ppe in the 11 teratu ' on ~ or t.b.e listed d s1gna, 
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1nd!cat1ng th t literature ooncerning the '4ork donf) on the= va• unpubl11.1hed, 

or onava.Uable tn the thor. 

'I), obtet 41.sadvetltllgflUI of tho &(i.UOOUU de.u1.gno ..,_.~ law op.rat1fll 

abaor tion, and none:on"O' lveneatt or eq;ueou\J. aolut1ons arc a!SYU.~e~ ot 

th d 1sna. The h reous-'to111nz-aquoous urey t"hctors h&w dtr-

ttoul.~.r in a.chiovir;g high powr .en.111t1ea and ,q ruiv: trouble vith f¢andng 

and al urr;y ce..rt')·-owr. 

Th ntarmata.lltc ccmpoun.d-11qu1d motal slurry reactor deaiqna ut111 

the excellent heat t:ranater properties ct l1<1uid mt.al:,, and tll'S able to 

O.Jl6 te at high temperatureo with lov prcH:tvea. ~veral ch•ap an.a ot 
ceasing liqui. tnetal tuels have been .proposfJd and may be pr!"" a .ant;acee 

ot tbeac dos:l.P.•• Cor%'0flion :ts ·tbe cbiet r.U.aaevantAgo that hu 41"1son 1n 

develo . nt o tb liqut.d metdl elur:t'Z' . aotor. 

Cm."1"0s1on bJ b;ydrmi<1es is the pr1intu"1 41aev&ntage c,f th• bydrc:rA:i e 

alu roe.otor (!t1hl1g1u1. Inata'but ty or hy~roxide slUl"r.lea ha• teen nt1oned 

a:.s a Umit!nu teatut"'e or thes c1eal2na, however ate.tie aettlirig abtltty 

a~ to be thoi taeto:r that v~u1 bo:ln~ con~M•re.d . The excellent mocterat1ng 

and non-ncutrcn abuOl"'bing prc~pert.1.ae ot hydroxidea, \lhioh .Uow very aull 

cor-e a1 If (70), mak., the hye.ro-:tide 1"e&Ct.or desirable t.tb•n wight 1s a prime 

eonsid tion. Tho b7<'l"OX!.de alur.ey r~aotoris al.uo poaseso the ability to 

opttrato at bl~h t..- r turea "11th.out h1gh pl"$e1S1.t.t•aa. Thoae nactors might ti. 

teaaill1 f'or t'oeket pOW?' tilent. '4.the:io the time or operation ot th reactor 

wul.d be ho.rt and eorroaion vould 110t bo critical. 

'It.e fluidized solid naetoru · e.se1s t.~• ait1ve.nteg•11 ot possible open-

Uon a.t. h ir:(b ~~eturea with law p.teo~u.res!> The ttoncorroetvenesa ot tnen 
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l. ~:poflOd 
Banf'crd 
lfomo~ 
Sl.UM":! ~le 

2. t~l, DtJ 
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1... u23' ?llot 
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~ .. 
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·~ Enriched ¥ 
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.Sl~ 
482° ., 

S!U1'17 

5. !;!quid 
Saspen:don 
Bea.~ 

Romo~~ .1aturai ~o . si~ 
Foroed C:bcula:tion ~fr~ Cjllnder 572° 't 
F'Uel-Coolant-!!odera:tcr 

6. Boilhig Slurry llomoge:n&oUS 
Plutotdla st4tlonaey~tng 
!'over Producer Fuel-Moeerator 

a kl or tiad1'ltable trate?"ial 

l'atmal D~ 
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~ 
Vaf)C:ll' 
'950 F 

750,000 kv 

l00,000 kv 

2 ,000,000 kv 
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t.Ol kw/1 
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72 p. ll; 
75. 

30. 

71 P• 1441 so. 

s 



'UP.LE lt (ContimJed) 

,CW 
SJ.urrr Reactor )~era.tor Cool.tint Power Denatt7 

n1&rm1Y.Pn ClpsU'J.Cf&tjon , Sl!!n7 Coo Sbll?! ¥4, Tf;!Uh 9£\(1q Pmru !!ftt'ttmW.11 

7. lleaetor tor l~o=cgeneoua llatural D~ nan 
Vaf>OlP 
4820 F 

S'J0,000 kv 
3.b kw/l 

71 p. 291J 
81.. A :t.i&rge Ra'ft1 Stat.i.on8.l'7-8oiling tf0>-D20 ·~ 

·face Vesael hel..J.'bdera~ 

• Proposed 
.. 0: 

:ietorogeneous 
Slu:n"l' Pile 

9 . Internally 
Cooled PQW!" 
nroeder 

10. u233 Bre~el" 
BisttUth 
S1url"y 

n. sphorus 
Cooled-
Pbcsphorua 
Tm-bine 

12. Homogeneous 
ractor- tor 

SQbsonic 
A11"cratt 

&t.e:rogeMOUs Baturel D20 Slurry 
'<>reed Circulating 00a-D 
Fuol,..Coolant-~eratcr 

Separate ,,.,0 

ffe.terogetleOWI 
StatA.0t1at7 

:1 

Froa SlU1"17 
0,-lln&n* 

tJ2.33 Crapbite 
u~,- C,.linc1er 
81,~,Pb 

tJ233.at D 
oTlinder 

1'h)ats-
B1 
9680 F 

Slut"!'1' 

c, Ee, or Wd.te 

soo,~ k¥ 

Z)0,000 kw 

Re-teroseneou 
i' creed C!.r-. 
&lling 

.t~ 
Enriebe.1 
u ~s
Jbate-
Mte 

0 Pbospborus ----

11-taolant 
•hor& Vapor 

lJ.120 ~ 
Phe~boraa 

2Z P• ZtSJ 
?l P• 197J 
72 P• 29; 
73. 

52;7'1. 

71 ,.. 190J 
72 p. 461 
78. 

71 P• 371 
72 p. 4,. 

:tm80US Enrichee R&O 
'OJ>eed CircUlatillg 002:-!&0B Sphere 

.\ll'"l"y 2?0,000 kw 11 P• 332 
1500° , 96 kw/l 79. 

21,)00 kv/kg Fuel-COOlent-Y.OOerator 

p 



1). 

u . 

lS. 

le. 

17. 

18. 

C1reulatin3 
'.Fuel·lk'x!erator 
Sl.Ul'17 &actor 

t't02 ?~er 
Pile: 

n..s snot 
P"Ue 

Om'~ F-ropos~b 
11.uidlsed 
Solid Rs3oto:r-

Rete~mousb 
1'1.uidl"!ed 
Fuel ffAlracw 

Pll$ rorb 
Chom1C41 
t'rodnct 

19. Vapc!" 
S1Ul"1'7 

,Oto?' 

TABU: 1: (~nt!nued) 

Ro:llCgeneous 
Forced Cireulatint; 
?\l#}l-Vccera tor 

Hetere:eneou:t 
Vo"t'Ced Ci?'e'~!atina 
,.Jel...Ccolnnt 

f!eterogeMe"1a 
:Fol"ced Circulating 
Fuel-Coolant 

Rcmo:~neou' 
Foroce Ct~ulating 
Fuel..COola:lt-~erator 

Homogocneous 
Stat.1o?U1?'1 
'P\J&l 

~oi:enoou.s 
Forced Circalati 
luel-Ccclant. 

,,nriched 
t C-xit!o• 
N&OU 

natural 
UO,a-l?e 

!tatara1 
U..Oas 

t;2:l) 
lm~g. 
C-!rgon 

Naturttl 
~as 

·flaOH 
Sphere 

~:raph!te 
Cube 

Graphite 

Graphite 
~littler 

D~ 
C711nc1e:t" 

Eft!"ichee G't"aph1 t.e 
u ~~bie~ Sphere 
Spheres 

Enri>:~rl 
002-R2() 
"" •a 

teo 
CylW:er 

Na.Off -
Slurey 
~~-· 

Sllltt'1 

SJ.ura 
Z'./'.XJO y 

Sl.W'.£'7 1292°.F 

Bycro-
carbon 
Ga.sea 
41400 , 

·---~-.....--·-

250,000 kw 
12 kw/l 
2300 kv/kg 

~vtl ,r'""" kw 

B2'J Vepor 4881000 bl 
102Sc F 601 ku/l 

'1515 .kw/kg 

b Does not rtt s1111"1'1 category b>.it was itlcluded because ot abdlarlties. 

71 P• .*-4; 

71 P• 78 
72 'P• 47,; 
82. 

71 P• 79; 
72 p .. 4tl; 
S.3 .. 

65;!6 

)'..,. 

?l P• 184; 
12 p .. 63. 

t 



111htoh 

ct o a e ~it t 

b ge ou1 tl utd1zed eolic X"ee.otor desip ut111dn · a 

(dea gii l '' has 1 ·ti. d olat'ed • ea.dole bee • 

s ibillty or l~ l"!lp1d enatty tl ctuatioll.$ destl."o71ng the c ntrol ct 

tJ. tor d beca:.tu• ot :ir:t!oru tloa 

tti•1t1on ()f tJ2'33 1m~1re na 

:1.n 

allevio t d1tt11)UJ.tJ· ot t' natty ot..allJO 

'tiu1ecu \ a!gn 17) • 

D. Other osdbUities 

actor Co ~ .. ta 

. ote~ he~ro-

r ible applie tions or t sllll"17 1n nu .eari n c tors •ht 

era torts. 

l.\eoaua ot the dif: tou1 ~ or combining he Y1 c entrat1o o 

tbc'riU'1) 'W1 th ui bl 

ized aolld , e 1lu1." .. 

One '10uld v! ud t.i 

id an7 o• r tan& e rt lut-1:"1ea and "lu1d-

n ta poaeibil.!ttes to~ u• aa a ans ot 

ha u of th al ccole.n 

or exampl , tr a 11 iu1d tal uuob e !auth, 'WM.ch is a poor . 

or WJed a. . reaot<ir coo nt.1 1.t migbt b easi'ble- t.c uspend part1cw 

or i!er to-r terial au a EeO, 1 or arhi in his ooolant t~ id 

•ration. :Joh d1tion 1r1ould al be e teet1 .. v• in rec'hJ.aine 

• 



otree!n:1 loaa ot neukon out. ot cot'e openings through vhlch a poorl1 

mcderatt coolant w. f'lcv!r.g .. 

~!o t ot ti.a l'X"G"Vicu ... ei3Ct..ts.;o;1QNJ pertain ·t,o thermal :-eactors. roa-

1.bil1 tie.s ? al~ oxi:.-.t for uac of slu.'"'l"itHJ tor fast l'\tactor t.\lela .. 
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ntu:-1na tho im stig tlon f;)f alurr:lta. and elurr;v tuel reactors,. 

the deal n of · Naotor, \lhioh \lao d~uli.gnat the ' 1l&por Sl aotor", 

wae cone.iv c.. A doec.ript1on and a prelimlnaJ7 analysis or thla e Ctol' 

aented the f olloY1ng page•• 

Reactor utiltzes a tuel conslat1~ o. solid particles 

of' tleaio ble matartal awspel'lded in a apoJ>.. Th• now dialram of 

lxt" Md Vapor Slun-y Oyclo i!l 1llust?at.e 1n Figur& ) . Thia 'l"ft.Ct.or 

utilina the Ranld.no eyclo to oorrrert heat energy to &leotr:tc l en.era. 

St•o appeat'"ii:l to be th most. au:ttablo Vs,:pc::- or thor:.nal reactor, elthougb 

t'h& olo ta veraat!l and othel' vapor et'Jd1a might b'l USEJrl. r.or the 

prel!m.tnary de f.p e actor using a ver-..ot• alurry comPoae<l ol" n~ vapor 

and uea v • ahoaen. 

'l'hCt tollov·ng :h a de3orJ.pt!on of' t'hQ propcn1ed reactor at!d rerera to 

the now dtegr 1.n FigUt"e 3. It 1a UIUltet! that tbe r.actor 'le thel"mal, 

ht'IW T" th a is not • ltmttatlon ot the deet~. The bot •lu partlel•• nd 

~t;ired. amount of ~c:rcled vapor are 1njeo~ into the vaporiwr. The hot 

pa1•t.1oltts «tnd vepo?" 'WlOOriM the high :prea ltq,u1d ent6i- ~ ... t~ 't'a or1Hr 

t't'O:a be tee heater& and r..ct pum:p • The slumi. ~lioh tu t'1.sa1onable 
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VAPOR SLURRY...,....,.F------
REACTOR 

CYCLONE 
SUPERHEATED VAPOR SEPA-
AND HOT SOLID 
PARTICLES 

RATORS 

RECYCLE 
VAPOR SLURRY 

PRESSURE 
REDUCERS 

REACTOR 
CORE 

SATURATED 
VAPOR AND 
SOLID PROCESSING 
PARTICLES 

AND __ .... 
LOADING 

VAPORIZER 

(/) 
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w 
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<{ 
uJ 
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H.P. GEN. L.P. 

POWER 
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FROM 
TURBINES 

EXTRACTION 
FEED 

HEATERS 
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HOT WELL 
PUMPS 

PROCESSING 
BLEED 

FIGURE 3. THE VAPOR SLURRY REACTOR 
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solid- t.urated vapor 'bctuw, passe ~ the vaporiser to the reactor and. 

11 ho ted 'by the. resulting nuole:ttf' N&.Otion. nma, the na.cto,.., whiob conaista 

of a heterogoneous •~' ot tubes 4u1Toun~ed by madel"~tttiS material., •rw• 
to ~ heat the vapor .OJ)d beat tl:w slU'M.'7 ptl"'t1cle1. 

At the reactat ~tlet part ot tbe slurry i!J rocyol to t Yapor:t.tel' 

an~ th rest centinuos to tho cyclone ratora which parate tb ol1d• 

from tbe vapor. 1.ll solid~ from the cyolon• sepa tor9 are th rn com !ned 

v1th th Gl J an~ both ret'~rn through tbt heaters to th6 

VBF<Jrl r wher. they e.ct to ._pcrlao water onterin(:f f'rom t tud. t· m 1. 

The $Clldo and reoyolo Gl\1.n"S e:re tn3ec od into the TaJ:'O',r!ur by WM ot 

preHUN dtttel'ent1al, rlbration, aCN'U eonwyance, or othel" sd.ailar ans. 

C:-1 t!.CQli ey is prnented in t.be circul til e~ to the ~otor by ab•n1oe 

ot erator end b7 divided flow. 

o •Paft te<t ftpor ttm th6 0101cnea p.rocned4 to t..~ tu.rbtnoa and then 

to t1 ondet>uera. . tla•a can 'be NmOftd in the comenaet-.a by •tend..-rl 

vapor-jet-pa ejector1h 'lhe condensate trom tbo oondenaero is pumped 

through extraotion f'e d N.tera to tho nportm•r• Additional gees which 

have been n 1no.d in the. oo~ena1lte oa.n be :wsrr.oYed b7 un ot one or more 

tandard dl!aerating toae beaten • 

.Bleeds C&'l'l be incorpol'ated in the condensate ani: in tho reheat.er 

ect!ons ot the eycle to allow f.'ol" proceeairig. 'Tho- eoneentr11t1on ot the 

•lUl"J.7 in tM reactor oe.n be controlled by ~n,ac tho r. ~ ot 1njeot1on ot 

uolids. into tbe vaporber. 

'he posstbWey xtats tor operatiog the 't'apctt'iser aa a betero tHleOWI 

boU.1ng U.urey reaotoi- ah<! tlbus . eliminate the neee for recycling , t ot 



th Taper elurtY. Th~ l~o ar.!OUllt o atructural material wbtcb will 

nee asar11.y be present in t~· v11~i~er and h pouri.'b1ltty J..~t>a.• nucle 

instability ln QUch a system vould most probably rulo tht• propo•al out. 

T.i:lft preceding d11se:r1pt1cn 11G.txma t.hat radloacttve Yapor can be 

paaaed through the turbiner1 ar..C tbnv htzh &P&t'at!on et'tlcl ncies can be 

cbie . d trom t oyalon epar tors. .\notbar .oso1b111t: would bo to 

pas• th•l vapor Ol" t ~ ,1lurJ.7 rro\s3h dcatJ.~ttt1nrt anr1 com ns!ag heat 

exnhnngora. 1\lo v ri1M' or this al ~t!.,.. an Uluat'l'ftterl in 1'1g'IU"'e 4. 

It 1• believ4'd that, the crole shew 1n Fi(ure 4a vould ·l:ltt more su!tabl 

hoc us 1t licdna~s tl» ,.ed tor pmnpi!tf the elurry in + heat ~r 

clt"c·dt. It ftl~o :reduces oblems or -lurey caking in the heat exol" ra 

an~ luft"Y osion in ·t.*lo ln1 ial eection ot tbf'l vaporbt'lr • which ·iDlll" be 

&n1tJ' ot high valoclty jet • . ps. Ca t,ho other hand, the ayst.m ehow 1n 

Fi 4b s eesee the po1aibllU~ of ustna t1uidta4 aoli · beds tc aohlevo 

b$ttel" heat tr ·ste" in the deau~rbeati.ttg ho t eJtehanpre. Both :or the 

lea ahown 1n rtaure 4 could eq>lw ropn i-attve teochfetel" heattn~ an 

obeat Just a \!143 propcNd t(;f' the CYQle or FlgtU!'9 ; . 

hcaue of the loaa in eftloienc:.r in the heat uctxaqea, the al 'l"Jta• 

tive o oleo in Figure 4 would bG leas desirable than the cycle ot f1g 3. 

In t.he 

aotor 1.t vu ~cit!.on 't."n.t t.:s.tar v1.90r vas to tt- v~ oempenrint Ind 

Ul"&ni.usn dioxi·d& t~El 301!· ,'!Qne t of th~ v: ?01" "'"lttrl"'.f• Tt VIJ.!t at~ that 

tha eycl. as Uh,O\ln tn F1.. ure ) v,:i,l\ d be ueed . 
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CYCLONE 
SEPARATOQCl---'----~--'----. 

OESUPERHEATING 
HEAT 
EX CHANGERS 
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The Vapor Slurry . 

l po 

o.nl1 by t1e ~bum Uiat slurrr and tl.!bu ma:wl"1als can with1t.nd . 

~ rlOU. ~Cto!' d t!l~tt t11:t.3'.~~:f o,>:f.lf.IOUS. Clt"'-'ula.t1ng f1al t ·a-

tul'e(} xtMaoly ~ pressutt 

cr:i. t ieal pr••• 

oouotion of 'te$ ~n~ure. vi th modern steat.D power plant 

pr ct1 (11. p 1g nd 10:00 '"'). 

2.. The a nc ot" bo11in1i in th reactor co el 1 tA ins+ a.bill• 

p6!"tloles eo not pa 15 th1" - ' • rU"il.lpa. i'bia alleviates 

p roslon .<t bearing • 

4 . Tue int to cotL .. .,t between. th - ~Uft"'J P&l"ti~l• ne th carr,ylng 

an the v poriHr. .SOJ.liru reactoi- do 1 a with 

atat1owu tue-l elomonta ar prevented tt"Oal a:ttain!ng h perbeat 

bece. of the poo .et tranef'er to aupiarbeaW at• • 

5. T! be't'.eroge oua fl ~1 arr · elMnt in t o r- aetar allov:s ro hirb 

fuel veloQi ties 1 sul t.itJg tn b!gh ~ denai t)' • and tori 

ccurate pre ·1etlcm of cbaraotart U.Qa d' tuel t'.low, 

ell: nation ot 1tts b111t1• wh1oh ght occur 1r t 

one l.arp tank. 

· ttnr in 
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6. Ttvi f'uel d1strlbut1on in tile reactor me3. •aslly bo made non-

unit to alto tor mn1ttwn crittoo.1 a:sit. 

7. Cpeiration at high ~ro.turea, low ... atUN#• a~ 1llt.h reheat 

prevents turbint.t erosion due t.o 'Vot" vapor. 

s. P.igh t~a.tu:ro:J ancl preasuritG rtt:.r;..11 t. in ht h ther:::al ertto1&ncy 

and. gt"eatl7 rertuaa tho size oC' th(? turbines needed. 

9. 'nm c ?lo allowa t.'or u~ ot p~cv1oualy dnel pet! n.nd l)tar4er 

ti1!'b1 s, eondeneers, and tefldw1&tar heaters w1th apeoW roYitlona 

tor uealing and intance. 

Di~dYentapa ~ problcf".s vhicb meY arlae wtth tM.• esign are as tollowo: 

l. Erosion ot th& tul'l& teritJls, be cyclcmea, or Cho :e!olt rt1clea 

1 cause wrtou~ t'it"tteult,-. 

2. Attrltion oi' the el.tU"l",1 particle~ due to ero ion or ttsoion y 

pt" vent high aopa.ratton etti<dencieo in the ~olom 81i! atoi-a, 

aulting !n fines etttng tc th turbines and 4ondMoes. l high 

preasure drop vil.1 be re ,uired aoro>!ls the cyclones in o .,er to aoh1eve 

the ne ssary ft atf.on etf'icienoy. 

J. Bighl ~1~ct1ve atu entering t~.o turbine CJOl• _,. pi-ennt 

dit!'1oul tiett S.n seal.1ne onr' mtintaining the t.\irb1nea, condenser1, 

feeclwater beaters, ~ pumps. 

t_. The entire cycle must be shielded, tnctt0asin the total p.l.&tlt wei ht 

and cost. 

s. Larg num'bera or neutron abaorbtnr tubfJs ln the core provent use ct 
natural uran1 ol untee. 



• 
7. oence ot too mu nonoondensa.ble gas in comensero y 

riousl.1 dH" the he.at trcnster eoettlclent (ll, P• 342). 

s. ot the particle;i on contatner xr.tat.Grf.ala Ttd~ht oc, · • 

th t eroa!on ot 
contain.tr ter1al11 hoUld not be aeriQ\HI tr tainles steel 1• u d 

throughout the yatei::t. u'b bomb a!ld 0 er 'VUX14Jrab1• opots cow.a be 

lined with hard terlals to p.r•wmt. ero ion. 

e prhnar,r d!tticu ty ap era to be that o! p •entlng pal"tiole1 

tro.'3 tti thro h t ey lone citPBator • B-1 arr:m· :t~ ~h ae at.era 

tn tot.h parallel and 59rie 1 extrt:.tnely h! h •BP"lll'at1on eft1o1e.no1es c n be 

attain • ·article aggl(tm.ration has be•n aohl ftd lzy uae ot sound 1olde. 

ttema t up by !I" 

the cyolon •• or betwe:> tw eyelcm&3 111 nee coulc a. uaec to agglomerate 

tl £1110 ti dorl or erosion particles arid allov the11" aep,gration. i.bsequent 

tul"bulenc1' in the reh tera or vapori:•r vould act to b. t:ak up larg 

ll!glcmrt.ratea ~ieh mtg t occur. 

e t>.irbtnea and their ass.ocia.ted oi~craita wU1 uneoubtedly becOU'JI 

adioacti: ue o 1a le a.tell and aolubl t1es1on Qducta. It 

t t it 1r1taht Mi reaa1ble aubmitrga tho turblnea ~ oon4et1•ra in vatttr 

in fiooee.bl C p.tt"tmertt • 'Ih6 'W&'tel" woult! act && a shield PC :u d allov 

qq ac.ce t'o t'Omot pair. 
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Conttnuoua pt'Oce uin('l Ol'ld conU.nuous r~m.oval or gn~• "'·ill probabl1 

e th1' problems or additional o~roa:l<m and poor hea .. treater 1l'1 the 

oondetu.era iru~1grAtioant. 

It th& probl~ abc" AN:: tound to b& unaolvnble,. one or tht.t cyolee 

illuatr~te~ by Figure 4 co1,1ld bG ut1l1mec' . Uae or tinned tubes or so• 

othe m«tMB or e.cblevittg high heat transr r ic tho deau· r eat.iCM beat 

exoh re m.tgbt make the•!! oyoles more t'eatsibl than that illustrated by 

~ 3, duo t,r, le s blem.J v1.tb ol'll.y ~l dectwas~a in operattns 

etttcienoy., 

Dy Nason ot the pnylo~Sll• mentioned a~t.8$•'• the Vapor nu.rr:r 
CU!actor appeat"s teasfble an ab.oul.d deYe1cp 1nto a cet:lpett tivo of 

pover actor. 

'lbe toUowing bd.t:tal condition$ WN ae.atnlled tor t...~ prelil!li.naJ7 

analysis or tht1t Va~ SlU'tT1' Reaoto:t u•ins- tl1.$ eycle Qf igu'N .:J. 

l . fbo reactor ta thel"t'.lat and the slurl"Y is O'Oz-H20 vapor. 

2. Tho reaotor octlslete of e. ~tlcal right cireulari cylinder compoaed 

of a lattice ot hexegonal bricks or a.o. 
'3 . 1'1 the center or each of the .moc1erator brioka is e. 1 ln. inside 

di.-ter, t)'Pe '4? std.t\leas atettl tube to Ca.l"l7 t.he vapor alut"r)'. 

t. . b ~ conoentr.tion ot olida that can be carried tbr h 

the tubes 1n the reactor ls 2. 5 per cent by volu.. 

s. The diei:•to.rs ot the solid pa:rtiolea rang4& from 10 to SO 1ol"Ona. 

G. Tberv in a nei~tbls temp&rature dlt"f'erentiel betwten the olurt"1 

particles and the oarr;ing "h.po~ at the rea.ct.o-r ~utlet. 
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7. The mean Yelccit.y ot the slurry through tb• reactor outlet 11 

lCIQ :fps. 

s. The pressure nnd. tcperature drops troa the rea.ctor outlet to tbtt 

turbinas ere 135 psi ond 2s° F, reapeotivel.7. 

Tests have indicated that. uro.nium oxide are the most f'•vorable solid 

coraponents of en aqueous alurr,y. Urenim dio:d.de w.a choaen u the moat 

suitable ot the oxides for tho Tapor nlU1"17 bocauso of its high uranium 

content pw unit vol'Wl;e, hieh heat oapacityi !nd aaeun;ed chetlcal. and thel'll81 

stability at th reactor oper ting ·temperatu:r"cs• Work at , ew bru11.1Viok 

Laboratory on the Green Salt Moving d l:'roj•ct (8'.,85) bas provided data 

from 1oh eom indic"tion of wh~t to expect. ro,&~diQB the stab1l1t7 ot U'Oz 
in at.emu can be obtained. ~r· ont' indioata that tho ra.t.e or thermal 

diasocic.tion or J/16 in. pellets ot uranitnn triad.do (00)) to black oxide 

(U;Oa) is 5.33 x io-4 per cent ptlr :minute nt 662° F 11? a ste atmospher•• 

Rates of reduction ot J/16 in. 'black oxU-n p11.lets in f'>tetW containing J .5 

mole per cent ey-d:rog n vary from 0.072. per cent convora1.on per Jllinute at 

860° F to J .OS Rt 1157° f, These dets plus th~ conclu~ione of th• Uetbe:rlaaia 

Reactor C=mittee (JO} make it appear that~ will be the 1:.ost stable add• 

tor operation in :r;ltcn::· at tmr..per·aturea up to 102,° F. 

Us of a D20 v11.po1~ slur17 would increase neu\ral'l eeo~; hovever it was 

telt that th& &lrJ.eri ao&t. and problema concerned 'Witt bea.v water would mak• 

1ta uae unJustUied for tbio reaotor. 

Tho reactor an.ape und eonat:ruotion vere cboaen beoauae ot ait:lpl1c1t,y in 

this arrangement. The reactor was madG vertiosl b~oo.uao ot l s~ eroeion from 

a slurry flovillg veirtloall;r L"l aompori®ll to a slun')' floving hol'it.ontal.17. 



Beeyllium oxide wa.a choeen as moderator becau.e of the ease with whiab 

it can be adapted to the assumed con arra~t. 

The tube diameter was arbit.rarily choeen and. a •or•. detailed analysis 

wuld be required. to specify this parameter . Type 347 stainless steel 

was chosen becauee ot 1 ts excellont prope:rtiea in aqueous systems as has 

been Droven by various investigators. Stainless eteel has the disadvantage 

ot an app~eciable neutron absotption cross section. Zlrconiu~, which has 

very good nuclear properties, is rapio'ly corroded by high temperat\tt'fJ steam. 

Titanium, lihieh m.q be more erosion resietGnt than stainlea& st8el1 and which 

has an abundant isotope with a low absorption croea section (T1!>0), absorbs 

gases rapidly at high temperatures. 

The asnumed ma ·aUJD solids eoncen~ation wu bued on the work of 

Ora.mp (lS) . Tho l'atio of the d-.:tty of the eolld to the deneiv of the 

fiuid ns ll 7S f'or the gra1n• ait' .w~~u1eions tested by Cramp. Thie ratio 

1• about 284 for 002 sue-pended ill steam at t.he average react.Qr opent:inc 

conditions, ao that the •xi.mum cnncentration will :require experimental 

verU'1cation. 

The awrage range ot tisslon fragmenta in uo2 1• about 10 aicrona (30) , 

so that a rtiole 10 to 50 Ddcroms in di a.meter 1Duld allow for a high 

percentage re.lease . The usu.m!)tion concem1ng the ne"ligibl• temperature 

differential between the parti.cles and the vapor 1r.'fa.3 bued on the st11Al.l slurry 

particle sir.e . 

The as.oumed veloc1 ty of 100 tpe is commensurate wl th that used. 1n ste&Jn 

superheatere. 



'j7 

drop rrom tho aetor to thA ~.t · bines "' • <le 

cyclone isepatt to1"9. 

The ::perature drop or ~ F from the re otor to th turbima t: a 

arb1 ti-arUy speoU'tcd &$ probabl• 'l'aluo. 

vaporizer l.'111 o stat. cf.' a . terogeneoua array of t· be • 

no.; into each tube could ba achieved ·by ua ot jet pU!t,p:! to ceore 3 the 

ultr. nics, o:r lb tion to l«top h particlea movl anr: a Just 

t'low or th , solids. An arr.ange:rtan& Dimill.lr to t!lat Pl"Ol-'<>S&d by tbo ther-

land . .ctor Cotadtte (,30), tor keepint t"luidhcd solids 11.0'fing, bt 

feasible. 'th desten ol th vapor1nr dependa on •XJ'.'41"1 nt A-

tore, Wl'tS not attempted. 

or assumptions, •tho"' o attack, d renults follov here. 

It was . pecit!ed the actor et uppl steam at 1/, 50 1 and 

1000° I' to two 901000/lOo,ooo 1N pret'erred ataJ'ld•rd* tuz.bble gen tore. 

e-xt.t-: otion, re en.era-
t:mc concenaer 

* . tare to prot°erre< at.a:ndard tu b1ne co ii1t1ona as ~ e ( 
Joint comttto or AS u. nd .U l!'.t { -) • 



at 10 -per cent abovff r t-ett loac or l ,, Cl kw. Table 2 llat Uut , re 

xhauat preHure 

r a sit rated 1 

•1ti.at pl.":eGIUt"e 

u d tor eyol4 utgn. 

ra 

t&r at.am rate 

1' at &edod in rehuter 

2. S3 in. :g ba .. 

110 

436 paia 

443° , 

£1 .86 lb/ -hr 

6.13 lb/kw-hr 

161 . 7 Bt•J/lb 

The the ~ e.nal.7d• \IU 'begun ~.,. ttta.rttna at trut throttle o! the 

t.l.ll'b.tno vorkt backwat"d. Tb• «incttione ot the outlet or th reactor 

sui on tb bani• ot the rocN1 ::entl.9 ot th tur in a. co:ndlt:!ou 

t\t the tnlet or tho ctor wN dete bf calou1at1 an 

outlet 

ot th iraporl 11' . A oon r'G' ttvo pN$$U loa:> 01'.' ~ a vae t~ete ined . 

ter th s c. ndition spoeU'1• , hea bslanc a wro run on th vartows 

canportent ot tho ftac tor eyole. 

A h t balanc on re oto v th t~ · 

1rJU .. ~ted e heat r.owr o: l.~,000 kw v a n ~«' 1n 

or elcotric l r rrom th t.urbo-gem tors. 

initial c 1ticna 

er to a.t.tei 20 ,000 kw 

In the heat balan s t wre cal.cul ted tor the oyole tcn•nta the 

aol!<S and Quid ccmpon nu ean1.dde d separatoi,.. nthal ot 



uranium dioxide oan by e~ased aa a ru.n.ctton of tempo tl.ln by th tollow-

!ng equation (22167)1 
- 3 ~ S" _ 1 J, -J., =/9,77r-1-()rS"'lf.><10 T -+L&..G.'i'lC'\o T -1~13 

T z-rr.1' 

fJU%m!lal7 of ttm eyelo condit1ono 111 h¢-wn in 11gve 6. 

'the v lutt)$ ooncentr tion. in tbe rGQ10l or rebeater loop ie 3.74 per 

cent. It was •eJu:z:nod that this concentration will be adequately eal'rl.~d 

because ot 10\IClr" velocity, downward tlw, anc\ po sibl7 larger tubes. 

the critic lit,y ot the Vapor Slurry Ro•otor. The oritical 1'"a<~1u6 wu 

calculated S A funatJ.on of tllfi ratio of OW!llS ot beeyll1 oxid'I to a.~ 

or Ul"anium 23~, assuming bal."G unnrlected reactor • 

. awse ot its compai-atively high pn~-usure, the steam h... an app olable 

atteot on reactor cr1 tlcal! t)r. A r1gor®s treatmetlt of t: proble \la& not 

attcmp 

~mnt. In the Vapor Slurl"y !aactor m"4 rater is pre.en.t within the 

alUITY a• <well as ouU.1de er the GlW'Tf and tba 1\UT7 ie n.ouing tel"o-

gc ualy through the react.et- co • Crlticel.1ty calcula.tione re lDad IUCh 

that a h 

mol oule er.rud ty of each :aterW 111 atoms or nlOleculea per om3 ot reac • 
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m : I 372 OOOlbfi PREFERRED STANDARD 
f ' ' hr T U R B O - G E N E RAT 0 RS 

H.P. L.P. 
mf = 2,945,000 lb/hr CYCLONE 

SEPA-
RATORS 

·;;; IL. 
0 oo 

LO 0 
ot 0 c 

Cl) 

Q. 

ms =21,500,000lb/hr 
ev= 0.025 - -

0 IL. 
0 0 
C.O LO _N 

0 
H.P. L.P. 

1600 01----.-__;....;,_;;;...<;....;;-'--"--I ./-:"":-::-'"".'~:-1 430 slo 
0 

REACTOR 
CORE 

0 
en IL. 

,._ 0 

LO 0 
c.o -c.o 

VAPORIZER 

Q =488,000KW ..... '---

1525psio 

(/') 
0:: 
w .... 
<I 
w 
:c 
w 
a: 

... 
.. .c 
.c ...... 
...... ..Q 
..Q 0 
0 0 
0 o .. 

v o .. 0 
,.._ I') 0 
I') ,._ I() .. 
0 tO 0 .. N 
II 11 ti 

> - fl) 
Q) E E 

1000°F 

436 sio 
699°F 

FISSION 

... 
.c ...... .a 
0 
0 
0 
c.o 
(\J 
(\J 

p 

ti 

E 

GASES VAPOR-JET 
GAS EJECTORS 

FROM 
TURBINES 

CONDENSERS 

945 °F EXTRACTION 
1--------81-·o--iFEEDWATERt----------1~ 

443°F 
PRESSURE HEATERS 

FEED PUMPS 

MOT WELL 
PUMPS 

PRE1 !MINARY DESIGN--THERMAL CONDITIONS 
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16 e l/v and haft a 

11 dtstributioii. 'l'be thod ct t• nee 7n was used tor U!Jd.Jlg into 

aoount the eti'oct er ohe !cal bindlng ot" )'d~ogen in the wt.er zriol cu1e 

on t the~l. catter1ng coo section ot ate.~. 
rt '4148 8$\nOOd that. t,!ie conoentl"~tio or tb$ tta 1or4'ble te ta in 

e ch ring ot tubflo wda Tar1oa1 u d c. tlat flux was eatab11:Jhdd road1911y 

tion v tJ coneta t at 2.s <Volnt, per cent thr u hc.ut t cor• t t t ... 

ditt'icul ty 1ght reaul t tr-om the 

SO t s at • _., re cteT' tnl t to 100 tpa. at t outlet an· ohanpa in velocity 

could bring about o!lang"!<a in alur.t7 concentration. 'lld.a might b corHOtecl 

raaetor inlet. 

An enrich nt ot 1 >•67 ~ cent ( u,Y 1ue • 0. 2) nd a leoule• ot 

o to ~ ~ u235 ratlo or S6 were calculate for th rep ntat '" 

design. S.lectio or th 

reacto"r h 1 ht of 6 tt. deta:tled ·ia ot the crtt ·caitt:r an 1 la 11 

presented 1n A ~ndb'. c. Th ree'Jlt ot t.h ariticalit · caloulat.ion~ 

:lllue1tra ed in ... igu 7. 

r eetor 11eu..1 d \Ind t.Ac11 be tnco . ere.tad in he -1nal es ct 

due to i-etl•otor cl id not • .-em vat-ranted to~ the prelim~ey ~•o1 • ugh 

o culationa in io ted that a gr phit reflector \lould W'QVide & f'l. ctoi-

8 :v'i :J or bout .2' rt. 
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SLURRY-SOLIDS VOLUME CONCENTRATION (evl , PER CENT 

2 3 4 5 6 7 

Nu5 = 0.12 
Nus 

VAPOR SLURRY REACTOR 
U02 - H20 VAPOR SLURRY 

t avg.= 840°F 

Psteom = 1625 psia 

Nu5 
'----- N = 0.15, ev = 0.025 

us 

Nu5 --- --\-- -N - = 0.2, ev = 0.025 
us 

~----ev CONSTANT 

~ ' Nu5 _ -'-:- --N -0.3, ev-0.025 
...... -- -- • us 

, ~-- ___ _ ___ Nu5=03 Nseo= 
N . Nus · ' Nu5 

BeO CONSTANT 
Nus 

O.__~~_.__~~--'-~~~...._~~--'-~~~-'-~~----~~~ 
0 2000 4000 6000 8000 10000 12000 

RATIO OF MOLECULES OF BeO TO ATOMS OF U235 ( Neeo I Nu5) 
FIGURE 7 PRELIMINARY DESIGN-CRITICAL! TY 
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Tbe results of the erit.1cal1ty and th al analyB4s er s~iaed by 

Tablo ) . It. should be noted that theC6 ax:v'*qa a WC"e co.ndl.Wted U$umi.l2g 

that tho turbo-genera.tors v e operating at 10 per cent bow rated po'.4er 

c.nd vitb M. exh:lust p.reesure of 2. )0 in. Hs• nua, th llllAlJ~• d&acl"ib• 

th res.ot.QJ' at ita wt.t.X.imum power output tor the aaaUWiid t.ur't>o-gcer'atora . 

Cou:par1~on of th Va:;ior SlUJ'TJ" .ttow:tcr 11.'1 tU se.,-oral previo\UI d•aigna 

is presented 1n 'table 4. lt. cen be sMn that the Vat •a power dcna:ttq' 1a 

exc.cll6d only b,y the t•ast r cto.r pi•opoAl • li.l thoush, due w .noutron 

loeutts 1n tho f')tructurol ter1als the specitio A'JWM" ot the VSR 1 not too 

hit;h, e. s.,reater ~ oent o the heat power t.s converted to eluctrical. 

1-1()l..ter. l.t the Apt-Cif le ~r w o eOll'iput.ed on tb(1 basis ot electrio&l power 

produced, th \IOU desi&n woW.d compere favorably v1th the otbercs. 

All t·ctoru twtc:o. .into considoru.tion, tho vsn appe&ra feasible and 

it• uet'felo t!llt appeara to d pe:id prillarily on tlle promotion of mecbanice.l 

procuas • If th spoo1tlod tezapGr&ture, pres UN, end 'Velooit, conditions 

ove to be too aevoro, they could b~ red.woo considerabl7 and t.ho r84:1iotor 

vould atill posse$8 Ir1JJ.V cd•antages.. St~ pouer plant.a ho.ire boon d signed 

to o aw at aupef'CriUoal aond.itiono or 5000 psia and n50° (90) Ard 

the VSit could poudbly be dea1ped tor £Juch operation i>rovided th oecea1W7 

m t.orials could ·be developed.. 



at Fower 

itic 

ower s1t,-
~.r Cent ted Power 

Moeerator 
Enrichment 

loeu1ee ct BeO per Atom at u235 

Core Eeight 

liumber ot 'l'ubea 

he I terial 

Vapor Sl.url7 at Cot-& Inlot 

Vapor at Core tlet 

C Vol\'ll!Je Concentration 

Core O>J.tlttt Velocity 

team at Throttl 

Throttle P.l.o Rate 

488,000 kv 

200,000 k\J 

151S JN/k ot u235 

E01 kw/l. 
110 

5. 63 3C 1014 n/om2/aec 
Hexagonal BeO bricka 

l~ .67 per cent 

'.3860 

Riabt circular qllnder 

6.s tt. 

6 tt. 

t/17 

l/32 in. 

347 ateinless eteel 

l.E-'7 pi:Jia, 601° r 
ltoo pa!a, 1025° 

2. 5 per cent aol1da in •1Uft'7 

24.45 x io6 lb slV-J."1tbr 

100 tpa 

1450 po , 1000° F 

1.112 x 106 lb st.ea~ 
2. 50 1n Hg 
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T!tltE 4i .rold.."11 ieEJ..C""Oit C ·Ml l\RtSC ·, 

actor .lectrioal t>ower oitto 
ctor Powel" Power e1ty Fower 

V.v kv/! 1n1fkg• 

Vapor 31.Ul"lT 488 601 lSlS 
ct.or (V R) 

.3ttbmarine Inter- G2.5 15 498 3570 
medute otor 
(SIR) 

br.laM.no T! 70 15 210 c9SO 
teaotor (ST 

?Nssurized 102 1.) 537 
Rantard 

asurtsed Watei- 2)2 91.2 1.400 
Re o tol" ( PW ) 

Plutcmtum Powr l7S 644 ?$00 
edel' cw ua. PPUR) 

tol-Pe.c1t1c SC-0 1,5 15), 
Oas d Eleotrio 

et (BP-2) 
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D. Otb~ Conaid rations 

' Yeral proc«iures are oss1ble tor starting the Vapo:r Slur17 Reactor. 

One poasibilit.7 would be to derive enough a1:.e trOJA an uternfll aouree to 

opera.to tha vaporber. This ia tmdtud.rable u it vould result in en apprec-

iable ex:tr plant cost cmd vould btt unsuited for mobllB applications. 

Possibly a more d sira.bl~ m tllod. would be to operatt't the re ctor as a 

heteroieneou~ boiling slurry reactor until the desired pover l~vel ve.s 

r ohed.. The now to the cyclone seplll"ntora wuld shut oft until enoµgh 

h at vae e•n rated to ovide tor saturated steam at the vapori1er outlet. 

lntroduoinc s. water alUl'TJ' into t.ha core instead of' a 3t,ou slurry would 

result. in a smaller critical. td.z•• Tn1a co:...ld be com~nsated !or by ahuttina 

ott' tho flov of th el urry 1n ctttl'tain t.ubes or by decreasing the conoentre-

t.ion ot the fissionable aol:ida in th& sl.urt'T. .l'.:Xperionoe vould determine 

whiob of these vas more fevorabl0. 

Tho reaotor could be ehut dovn by dUplping the slurey particles into a 

aerieis of tanks or into fluidized solid \>eds vhere the particles could. be 

proeiventsd trom ctiiking. fhe solids oould be purged. from. th• aystei;i by a high 

preasuro, inert eas. 

2. apt.Qr Coptrol 

The Vapor Slurry Re ctor could be controlled 'trJ YaryiJli the ooncentr ... 

tion of tb• solids 1n tho slurry, or b7 cutt1.n art .tlow of the alurr;y in 



·:':tr • V •! a ot 

oxilllt. 

}/ 

t.>f td tbro•i$b~Y.Jt. thcr ~ 1'1 lo ~~ tpu and t At t" .wl1M& rt.Tel 

otcr cc , t 1 , pro'btibll1t 

•tabl .... witJ e:ut. ·h uw·tn;'!I> •o::t .• ~Cd eutrona {91) . t hat) also 

beeu d~on t:rAto tl'iat t,.,11 cl~cul ti.on er t .. tal cau:sea 11~r '!., ~ er '.lO'We:r 

c•oil :ct.t1onit 1n t'h rMoto• (92) . 1~. • anal,-eoa: ,asau:rtte that u~e t et 

••• 

l ••• 

recyoled tc. the 't'a\:'Ol"!Mit. The vapor!~er wul~ tb•n }."l'~t!uce fl'Jpe hea1*1 

ht • tho f'lf::g•tive ~ftture ~tttot.n.t et t.\w re.otor wn not 

rw.t en.cm. h o dee,,-...,, t."i~ l"'H.e·tor 1~r- a·,tt.!oier tly, t. 'ti ""- :Pel"at.ure ae 

th r9 Ot~ out.let. WOU d hl<.H .. otM. f~baOk of' thl . t.~r&t'tU"e 1rtO!"e4a. to 
l'.o Ya 1: .:: wu1~ .,. 1r1 the st,.. tton end fXJ••~blo "l"WlP ot tu c~ 



ooul ·• Ci.ump 1t e pr. Ce' ina t.!· turbine throttles coul used 

to alleviate thia difflculty . \"''hen the thl"'Ottlc s oloaod, ·the dump 

valve would opon, reloasing stou to a tan~ or to th~ con.don r nd 

tntain1n con tant. !'lo\I o~· ate-.": th ugh thu o;,qlc·X)fo.\IJ• 'fh• dumr. valve 

could t.. e~ b slowly clo:J& · wM.Je the NF .c tot" co~ trol d.-vi<Wf$ decreased 

toaotor r . 

A r actol' er:argeney could be met. b., ~pp1ng t.he !lo\il nt .solids and 

f'lu1d into the vapor1ner a.nd p-~glng th reaoto core »1th • high preaaure 

rt g • 

A pcaith·o n20an~ o co:i oll!n~ the 'V r:or ~U.u f?eactor ooule be 

oatu'tl1, 1~~ nd control <lee ncrt appear to be a 11 ·iti111 tnture o • the 

• 

. other ~alb1o core C!eefsna su.1tab1 .or the Vapor .l1U"J!'1 

C ole. t reactor- wh1eh operates aimUarly to th cyclone runiaee might 

f»"Oft feast !lo. The uur pai-ttcle• and vapor 'WCUld vhirled at h!.gb. 

velceit ~ throug-h th co b • tanpntial stre or econaaey va or. !he 

to.ON dens uolii! PU't1cles would be tbrolln to the out.d.de o.r tho c vbere 

the7 \.iOUl to a ilen1J0, ra. !dl7 mov1 layer in .1ch !"lesion eou1d toke 

pl C~!h If' the n~ctor 1#~9 t~t'".rn41, a .era.tor talon mgbt be intr-oduQed 

to th cent.er or th~ core tc aili :ln modef"atimi. 

This a emen vould have th adva.ntag u or stmpU.eity and u.t1'8mely 

M.gh pow4u• density. •fh ohlet ~trtteult1 • to be olved woulc• bo erosion 



poeaibl ucl'9&1." 1nstabU1tr duo to r pid eens! ty uctuatton in ho 

vhirl c)'olone. Thie 11cto might bo ee .cially 8'.:t t.- to operration 

"11th tsu .... 'f"Ot>!tica step .. 

e po 11b:111 ty ot oper ti the Va;:it,r SlW"'l''Y Reactor as a f'aet. x-eaotcr 

shou d t'lOt . ovel"looked . A slurry or a .tiado~able oli.. uapended in 

cury var.or ~ou1d b a rioasiblo fuel . Th ra1t reactor is pla~ by the 

tbe oc encl a slurry util zing a non-

mode:r ttn YA !" !" i:taS d 1i;ht provit:'!e &n lldeQ.UJ.tte lolution t0 the probl • 

t • actor' might utlllu th~ Cyelontt 3lurry aotot" to a vantage. 

Th les ':' of' t1aaionable pa.'rtiel.• at the external part or th• vhirling 

eyolon "WOU1~ ovlde a 1 u~ "lion 1n whioh f'aat. tieeton oould take place. 

; . 

A slUttT reaotor apor11ti.ng on th• .,.ton oycl• 0'1gu 2} J. ht p Ye 

aatbl• . Al thow h t be ~ton cyol i · lelJ.ll etf'ioiont tl an tl 

oyol , ine t n nll"CO't'r'0!3ive see which aro Ada tahi e to thi eyclo m• ht. 

k its u f.'eaaible . FluiC!i:ed 3ol1d beat. exobanprs 1ntenr.ed1ate to 

turbines ope ti on the :ta 1ne cycie m•rut. im"~J:>ove the) feasibility ot 

ga ouo slurey rea.otora. 
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Tb& O;•olone llurry :tcto"" ft8 prtJri.ously d¢1SC~i ceru1d flt into 

cycleo ut111 inf11r.ert g us a the oarryins tluid tor • ltuwry • . ,1h1• 

~aotor mt1!1'ht -.l:so ut1l1.21 & tqi.iid a;;J he tluid co nent or t slul'"ey. 

The cyclone sl\U'r1 actor core, t.be bet.ere eneows slurry re ctol' 

o or other to .. a of' reactor corea utilizi high de ree ot / 
· •:ir'bulence o maintain au pon ton of th~ .sl·1rr;Y- appear to be the re 

fe tdbl to or olurry reactor. An e-:cception to this :b tho liquid 

ta1 slur re~ctcr ut111•in a 8Qlf~ n tlutd with matched de~ait1••• 



Vt. .~CL'O'StONS 

Tho o . 'ii nl p>Jrpos or this ~s· s Yaa t..o an 1y inf'~ tton rta1n1xtg 

to •l'l.l.'rr7 reactor and to nt tb& eat n ot a poaa1 le tutu.re trpe ot 

reactol". '!be following c alu tens PP4J8l" to be ~ id •• a •ault or the 

~is. 

• "t•r 1n"l'Ott1g tion ot ehan1col . nts o M.l elut'Tie• 

1• w~. Turbulenoe aa • ~atlit ct acM.evin"" lUl'T.Y et.ability 

•hollld not be O'W'et'lookffd. 'O'nlctue methods or controlling •1Uft"1 

var!ablea, ucb as ultt>a. on1c:s, •P ~ to warrant .turtl'.~u· 111ft ti• 

1at1on. 

2. The heteropneoua •l'UZ"l"Y N<"Otofl pos•eaaeis any edvantag.1 and 

1ti.oald not be e clud«l t ccns1de tiol'.h 

J. O aeoua Or' Ya.poi- 11:JJ'l-1oa to-r reaotora hue cet U .ttl 01" no 

eons!derat1on and ppeal" to warrant itmtstlgation. 'the Vapor Slurr)" 

ctor 1o1hich ve.a anal)'sed in th1 s thoaie and the euggeat.ed C,.Clone 

>lurz'1 aotor (p. 6S) ppear to prcm!a and utilU. r ls ot 
thla tne. 

4, Glul"rles 9hould not bt Mgleoted "~- n conah'ter:intJ tiiela ro-r t et 

reactors. .Int. te onk.<Jt bet e!l t'h slurry particles ovide 

• practical r.rns ot r.=oving heat trcm taat" ctor core•• The 

poa-ib111ty of pre ring elurrlea vh1ch contain lege peroentagea 

o. t"isa!. n1.ble t.erial alao eenta advan •• tor tast reactor•. 
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5. i'il8 v r ::!tu:r~ ; aotor d~aign appeai·s to b a tenfSible ru~ur 

nactor typo. 'J.'he pri 7 prob!& o~ th· ideal eyole illwstratecl 

in F:!&U.."*a 3 seem to be ditt1cult1ea concerned with ach1nin.., high 

at1on etttoie icus in cyclone eeparator ftn , v1 th eaing 

1'"J ioaetlve tea through turbines. From the standpoint of Ot'el"-
-· all. plant cost tho Va or .>lu~ Cycle illustrated ln 1-.u 4a 

e to be l:!Oi"e suitable bacauae tt alleviatGa the• dit'. icult1H» 

preltminaey thermal and critical.tty anel7Hs \lhic.'1 wr• 

h1gh degree ot ll rheat o.ppe&\"Qd to be t * primacy a · an~ or 
tb1a pro ued eaotor. 



The Authr.tr Wi:9bes to tl-.ank Tr. Glenn lr~y 'lr:hotW af.l:dCff t4aa YOey 

holprul th.t"ou:zhout the work cm this rer10rt e.r.d whor wggostion ae to the 

pr.1J~ibUi 1ty of' a heterogeneous :Jlur~.r reacto!' led to coxi;,idet'ation ot' the 

Va r .nutty R•otor eeatgn. 
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'el t of sol d ln 01.1 , lb or 
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t, 32.2 rt/srso2 

li"/.l ... o mb::tul'e 

l1d/tt3 of x re 

htla t tl"&l'la~ r, .&tu/b· -rt -0 · 

conduct1v1 f, J./; - tl'J._ c I (t 
Length 

or tl , l h/\ir 

u1s 1 t nurober,, ncfntc 
t.1, cP /k 

_.,.,u.,, ...... -9. lb/i 2 

i"Ptll1ntt1110R d1t • nt 
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lJ 

v 

iu:t of :"$1JOtor CCI" , 

?. ~ nold s nt:tm."* I'", t'\iD /f'\ 

dt'tc .,. vity 
0 

~ ·· r•ture, K 
c 

T~~ra'*:u ., P 
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C"'ntrall heat tramsf\ t coetfiotent, Btu/hr-f't2 .... 0 r 

' olume., tt. 

tr Veloi!lt , tp 

~ e1p!"oc l of the ntio of th pr asure d~p o.r th alum to the 

M 

f' 

asu drop tor ,. · ", 'ft tloving at the laoitT 

7i tJ~1':Si ty, lb/ft.a.co 

11ouity, lh/t'\ 

• for tlutd 

Fer irdlide ot tube 

'For mu~~ er alvr:y 

~ wbeOrtpt d indiO!ltfta nuid 



76 

O For outside or tube 

s or solid alurey partiol s 

a. Nuclear 

l. 

A Ji:>leca.lor or Atomic weight 

&.. J.t terial bUokling, cin-2 

5\i er~e co 1 ot tb ... oatterittg angle per colliai&m 

e E rgy, or ev 

The ut1 1eat1on f'n.otor 

Intinito mult1~11aation tactoP 

em 1 dittu.1:.lon length 

Slow!ni dCNn le t.h 

t;umbcJr or :J.e loa or at.oms per ~ ot react.of' 

M, 1umber ot l1Wl ou1 s or atoms per cmil or mater! eon ide:red 

l'\ •9U trons 

P Resonance soapo probabill tf 

'W l .... coa' 

E. o.st r1 sion tnctor 

'I( r or taat :neutrons mi tt<td per thermal neutron cap-



; . 

e 
, an tJ path, 

·onure numbel!' of tnet neutrons •1 tW. r 

~ tc .. 10•1 1n the logn~i thll of the n ut ~ ttnera from an el . tic 
·aoattering colllaton 

~ ccpic cr.oaa: section,, 01t-1 

"" ft.oroacopio oro~2 -ction- c~ or her.no 

l' ~, ~ 

r/J ·•eut\"Ol\ · n.ux, n/i 2/. ec 

<l or abaol"J)Uon 

T .. or · 1 ton 
s 

us- 1or urem.wa 235 

ua for urGntUtn 238 



·h the"281 11u1al18i• bu been predouely a~ble 1n the text ot 

the rePort. tt. analyats va• conducted u~ the tolloving preterred-

standa.Pd cotdi tiona r 

Turbo-f1ener ators 

Per Cent Rated Load 

Steam 'temper ature at l"hrottle 

Throttle mssure 

Throttle Stea= Rate 
beat T< l!IJ?ft'&ture 

Reheat Precsun 

heater Ste• Bate 
Ueat Added tn beater 

Condeneer .Pre18Ul"e 

2-90,000/100,ax> kw 

110 

1000° , 

l.450 paia 

1,37~ ,ooo lb/hr 
loct:Jo F 

436 pa1a 

l ,226,000 lb/hr 
161.7 Btu/lb 

2.50 ln Hg 
Condenaer Ste ~to 992,000 lb/hr 

fu.mbel" ot I::xtraoUon Heat.re S 

It waa aa:~ that the component' ot tho Taper slurl"Y ~ uo2 and H~ 

vapor. D.Ud.mu:n aol!da concentnt1.cm of' 2. 5 per cent w1u• assumed. It vaa 

as d that tho steai at the reactor inlet is saturated ane that the 

J'1"988UN 1..1 te rat~ at th reactor outlet are 1600 psia and 102s0 r • 
0 

respectiwlJ. Avel"ago condttions ot l,62!i poia and 840 1' were usu:meC tor 
the reactor. The speolt1o gre.Yity ot OOa 11as assumed to be 10.96 . It was 
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&83\lmtd that a l"G!l~W?I' tub$ di~tel" of' l in. ~ a :ree.ctc.r outlet 'Y&f!Qr 

'\"Oloolty ot 100 fps ~ moat pt4etlca.l. The neutron. eCH.':tMm>t' 1o &tf'. cted 

by t.h4J ftloctt,- and size ot the tubu;. Th YDlecity •ttecte thet l so ot 
dol.4:,~d n~utrc~s ~ tho c~ vhtch S.n tum attecta thfl neutron eoo:nomy 

r>.n control ro 

~ tho st.anil.po1nt or htgb ~r deus:i t:r ar.e lw fu~l holdup. The velcc1 ty 

$190 ar c+Jt ~,n~ .ccnoent.l"at1.on of •olii.!s ~hteb can be catt16d by the steam 

and atr~ct11 part!clo and tube &!"01.d.m. Tt-.- dia~ter ot tho tub~ aftoeta 

tr1o:tion lo&$, eroaion, and tent!&ney to clo • It also at!'oots loss ot 
eutrons b:r trt.reem1~. The tmclear tutpectG e.. t.bflr ~ctor a.re atre<ttod b7' 

41 , m.Ql:!or, and spae1ng t;;>t tbf) tubes. It ws auU\':led that t.be reactor 11 

10 tt. high. 

r&U.l"ie&l sub ar:!pts u~ throughout tho analy&1 corN~rona to 

tb ae in.die tea by Figure 8. 

It VI.$ an~ that tbBN \1$H •ro looa~u in tho vapor a1UJ!l'l:7 cycle 

an~ thnt the etf•ct ot outlot and inlet velocities on tbe ~at balance wa 

noglisible. A heat Wane yteld:Jt 
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tor 

&otor wlu 

l. F ctt ot vapor slur cm 1 walle 

2. r 

'· !.o $ qu:!. •+~ &!\ oolt~ • 

l. 

It"· t'be P nnlng e1 tlon vculd iv. a. •u1 bl• aw ox-

tion o 't s caM. tollow ' 

To oh a.in co l"ft 1 a ox · 

-, olds conela ti • ld• pttoYiee t ·" 4 n 1 t7 

1 h the d net ty or • u d. 

It hew that 

~m ' "" M' 
':. ""• 

'/~ -+ ~~ 

""~P~ 

ev :. , ... 'P\-4 , .... 

"""~ ~\ 

( ) ) 

that the e~ard 

xt 

(12) 

(1)) 

(l~) 



2 .. 

~ -:. l. '3 

""" 
~~-=- lC\." l\:>'"'~i 

-=- (JC\.'+)~\)(.\o.,"') _., :.. t-, 110,000 

::J'),ot. \..)"2."l<.,.11) lo 

(11, P• lSS) tO?" new in oth pi a 

t • o.oo 

<Jo -, , - 2. 
~ ~. oo~)l\o)'-t-z."1~«1·"")~\oo) 

\ (<.'+.~)~~~) 

= "+o I' p~ \ 

It tbat there is a S per cent alip bew en th lids net 

apo at the re ctor outlet a.i~ 10 per cent ip e.t the ct.or inlet. 

a b a~ a U02 owlD£ in 7ertlcal pipe. I.apple (l • p. 140) tat.ea tbllt 



•lip . loci 

~'ich o be exp.""ea 

be stimatea to 'be e"'.ual to thtl. e:hok ne velQOltJ' 

the i-elation 

~· n hovn to oaeh that of th«> f'lu1d as th loci ty o!' th 

velocltv at t: 

praeio 

tollO'WSI 

d value ot ~ fps . Tho above slip '\"elec1ty 

the 110lid are cao~en~ to ho 

oter 1n.1et. 1~ th s 1 not th case 

l ns . will ee too low. 

the eont!nui 4 t101l 

"~· ~ \1""' 
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VN 

c. u... -:. 0·'+'1~ \J'q v-~ I\ -::. o. -, .. 

"''"" -::. o-'t\ \T"'° 

!crona 

(16) 



in ~ uat1on 16 · at. btt th total 

ot 1.xtur~ tl. ( ) 

~ 1,' 10. o ~a 
\..I \,-+)~'1. n'3~oo) 

\'\ ·'-' \J 0) -
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tore, e total pre our lo,ss in th re tor 1 
<) P-1-u-ni.\ -=- q-p, -T <7\)~ + <lr ~ 

: '+O.t ~,~,\ t~\.1~ 

p"'\ - - l\ooo -+~I 

• previous 

l.b/hr, 
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otor he1 ht va !:"68te th n. t t "e 

the tr! tlon pres 

betool d to 

t b uire , so that a con. rv. t! a 

result y be juatitt • A 

reactor inlet baa 11 ttle atf'•ot on the thermal oondi tions ot tl • Va ·O't" 

o. 

hel&t. balan of t reactor c 

of tlo ot the vapor and s . " toll01rl.D.i condtttone an apeoif'1 1 

Q = l , t;6 x 109 Dtu/hr 

4: l poi ' 4 = 10~ , 
p3 l6S? p 1a,. t; :: 601° F 

that tho aoltd and Y, por aomporumt or 
ater para 17. A 

(l?) 



whe T l oxpresacd in ° .. aru1 h ia exprftsHd ln p...eal/snole. It c. n 

how th& th change in nthalp of' th rro2 e t t-ven. r 

h~..- -~,.1 ~~T'+ -T3) [ 1q,;7 -to. S'~I. w.,o-1 lT~-t'T-s) - '+.'-~-+>(";:'S' J ~o (lU) 

Subat.i ution into - ··ue.Uoa lS 11 U.s 

c ldttlatio indie t'!d that t oontr1bu.tlon or the volooi te in 

bat1tution into Eauation 17 gi a 

1\,f~. 

terrl to i1"1.gt.lro S 
M4~ = )¥'14,~ 4'\"l'\"'i.. 

.... 
~+ ·~ :. W\-4,. .=. 1, '3"1.il)ooo 1\aJk"" 

M.f.v~ ::. '°"'"'"" - ~.c,~ -=-(2,q."'S -/,37-J.)lo'--=- /1 f"73,ooo lb/1..-

~,.\I ':. 'r"\ "4 

~-4\1 - "'-'•• 

(~-") -
~II -

~:.0.01~~ 
:11 •-+S" 

:.. O· 011""" 
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1-t\ 11. (!o0> -=. I \.'S (Joo') '=- S-3,{'" ptt,,.. ce1rf 

)o\.. .. '·¥'Si 

line 12. 

• 

heat 

condit on 

on the llul"'J."1 side or th~ heater- is 25 r 1, th p sGur. drop o the 

ate ate ot thEl rehe t:Mr is, 6 ps! , there is •n•o h t lot f. 

heatert &Ud the rtect or the ohange in YQloo1ty ot tlle elu.f"t'1 !• n 11-

gibl • 

cul ted trom the 

... __ v ot tht! srt.ea in tb Nhut ort!cn ot the c.role. 

ttl! c are 

itie< en hal 



() 
Pll c 1S50 psia, t 11 • 1025 r 
Pg : 1525 pai 

0 
10 : 430 psia, ;_0 : 1000 r 

0 
p9 : 4'6 psta, t 9 : 699 P 

=tll s tnrs :: l,S73,000 lb/hr 

a 11 = aa : 21,451,000 lb/hr 

~ :: ano • 1,266,000 lb/!n-

.t point e !s the unknown to 'be solved tw. t belanoe 

(19} 

The • in enthalpy or the solid ia glwn by Eq tion 18 'With au sorip,ta 

4 an 3 . ac bf . b ·o.tttpts 11 ant! a, reapectiT 17. Solvi: 
. 0 

z•u tiona 

18 and 19 ti, t?'itl l and error giws a Yalu. ot 94S r tor tg. 

Ut111zintJ the a.s . and oaloulated condition at tho outlet• an 

inlets to thlll rehoater, n apprmi tion of' the area requiret'l ror the 

rel$ater vas calaule.ted. 

(20) 



-1. 
he: i 

(21) 

(22) 

(23) 

"t t b reheat.er consist or hetet"Ogcru,ous ar of 

tubee vhtc t'1n1' on tbe outaid • The el.U"r'1'7 was aaswned .to f'l 1ns1eo 

outside th tube , It w s els as d th t 

·qu ti 2l wa v&ld with the effect or the r1n~ 

1nc:ro& • in ho• It w aaaum-d that Di equals l in, that !>0 e<1uals l.0625 in, 

and that the W a in tb$ at exchanger al'e· statnless ateol. 'Ibo ateam va1 

ti:rm~ tubea .and ho was aeaumed to SOO Btu/ 

e veloot ~ of th slW"l!7 inside t tubes · waa ass d to be 

• 

<lt"' ::... ( ~ "4-, - (.. '1 "\ ) - (\ o ~ ~ - I o o o) 

t t\ ('ii'\: -w'1'i \ 
Io";\"° -I ooo ) 



The av rage t ;iti"'atul"o of th l·um~ is 9$"° r ~ tbua, the fluid 

pl'Opert1ea a.t be IL ~· <toJU'1tlons tr= femne 91 re 
}1 .,,_ 1. ~ l( \ 0 - , u. - ~C'C I++"'-

P-=- 1.~, 1bfh~ 

~ ~ O· o"l'-'+ 6.\-J h.r- h-a. -·~ !°"'+ 

The o rt1e of thfJ uolit" ( U02} f'ro re onee et/ are 

'k._. ~ ~.,~ f3+J/l\r~-'+'&. - o"'l<r+ 

t'he de ei t7 o:t' the m-txturo f'r~ E"' tion 12 i 

~..., -:. I -t 11,f. ~ 
-L ,... 1'\,foY 
L·-.1 <.'(l 

The viseoa1 ty ot t 81~ ia i'fen 
_, 

1.'i lC\0 

'''!. \ - \_o.o11't) _, 
- '·'~ 1( \0 
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P\-\ P <lP 'rrl-f.,_ (I 11$' -.(.o )'-1'+'4-) (l~ 37 ~, o o ~) ':. ::.. 

~~)... r/.? ('.?t; (;)" J(ss-c;>) 

- 3 "f-oo ~p 
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otor. A 

19'.ll • ot tbe tJS'.Jl t:.1 or the nal.7111 1• p 7 in the 

text ot the port . 

The .i; 

~1 tr anct u235 

loxtd• $lutT;y 

to be th• t1 alo able component or th ur-anium 

'.tel.es. It va.a 1JH\1'tfld that tl1e cr1t1cal ·1uatio tot" 

lar re ctor a valid, v ( 4) 

er a ey-lin !cal re otor 

t into Equation 25 y1ol4s 

~"° - ' 
L '&. -+ "t' 

'Y. """' 4 ( \. ~ -tJ:) 
le~ _, 

(24) 

(2S) 

b Utut101'l or 

( ) 

(27) 

en. 



n1t1plio~tion F otor 

Th !ntini mul tipl1eat1on t"aotor (koa ) t 1ve by " r~ur-tactor 

tol'l?llla 

test tis io tactor (f ) a assumed to be oonetant ane oo 

Tho other ractore composing 00 1i1e evalua.ted e. tollovs; 

l . ). 
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€ .f.ue I 

~,+u~l :::. A/11r -.:,"t -+ N'1s- CSO.~u~ 

Eei. -+o--.' I Nq ~.'°"' -t~uc Gi.~1.>s- + .. "" .. o~""o +~9co~,e.o -t t4t: ~.-t 

l't "'~ °'' ""' .... r:· ~'(,t,'. 0-0: .. "(" .. 

~"' 
t-l\oho ~1-tw...,... ~ Oi',s .. o -i H- ~ t 
N"~ """'~ Nut" " 

[- ] 



It 1 

quation 28 1 Talia vb$n ~ 8 totnlft ue is 1.e a then 1000. \l'h 

z1 total/Bus aro greater than 1000, }-;:e~~ mq be obtained 

{28) 

alu o~ 

In o er to account tor th df.ttere t vo.lu:-iee of th react"Or «>l!}'Onent,,s, 

th atom or mlecu • dene1t1es ( ') re exp seed 1n a.to or lee~l•• 

fll1*1.o -:. (t-t.,~ + N"t) "h·h . .:> 

t.l vo -a. 

"".,h~ -=.(I~ \\l"i-\ "\\l~o 
Nu~ \ ~v') ) t-luo-... 

~c N._~ ~~t ) -
l'i<)"O"l. V\}ol.. t>..lu0-a, 

'J.t; .... \\Di- "t -\: 
~ - -Vuo'J,. E'y TT D 'l./-+ '" [) 
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240 barns MAXIMUM-
( INFINITE DILUTION) 

10~~~~~~~~~~~~~~~~~~4--~~~_._~_,_~..___,__,_..__.c.....J 

103 104 I~ 
SCATTERING CROSS SECTION PER ATOM u238 ( ~s TOTAL ) barns 

Nus ' 
FIGURE 9 EFFECTIVE RESONANCE INTEGRAL 
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(29} 

/~,eH d: 
f='-= e"f' - ----------=---------___.(JO) 

Cl-+ ~vs-)f~l+ao ~.+.o ~ T- .2 .t~,oJ + "f!J.o CS-,-.o ~ .. o 
"" [ N.101. 11\vt 

Es,+o.\-t.) .:::: \ooo 

'" \,) i" 
(28) 

(.31) 

(J2) 

()J) 

Coutant tor the preceding uation were evaluated. on the au ot cm 

aver reactor t 0 . 0 erature ot 840 F (7~ X) . Th.e neut.ran croaa sections 

tor cal.cul ti )/ and t bl'Wlt be thermal value whll tho&e u tar 

eel.cul ting p must bo epithormal . 



• . e oner o 

v n by 

l neutron.a• .61 • io-S T 

o. t-1 x io·5 (?22> 

= .~21 •• 

eot1ons ot Dt1, J?e<.1. and • inlesa ateel 

.t1-om tabular data ant! ~ toUow1 

l/v lev• 

( ;;! 'tf ) ''~ 
7~;). (34) 

ortpt o retera to o her the l cro.es 

1 ctt :n• 
o. Th 08 ctJ.ons d t.o c culate CIO a 11 

l 

(S" at> w o ta1 

"'° oaloulat1 ·D • Th. di ter th ,._ 

o be 1 tn. an<! l/'J2 in., nape'°'tiva1y . Otbsr 

d are 11 tea .ln Table 6. The thie as ot 
cause 1talnle1 st..eel ta neut 

ab ot-ber 1 cto c • The et 3 ii:. thin tu wtll be 

l~~Q<.,I)~"?.) _ ~c.,-.oo .-~i 
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Croaa Section Moutron Enera 

era• 5 o.0621 ev 

o-t,US o.0621 ev 

cr .. ,us 0.0621 e'f 

era• 20 o.0621 GT 

cr•,BeO o.o6:ll ev 

c:r.,820 op1tbe:.l'Ml 

c:r.,2e0 pi thermal 

cr.,o epi'thG'mal 

Value 
~ 

442 

352 

2.7S 

0.424 

o.oos9 
46 
9.8 

3.s 

98 

98 

98 
95, P• m 
95, P• J77 

9;, P• 'J71 

95, P• 371 

96 
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ter1al A r f 
rs.~lr.m( ., J!l<il' • it • !; 

B.20 18 0.0394 ,.92:1 

hO 2~ 2.ao 0.114 
no2 270 10.96 --
0 lG - 0.120 

eatet,r be &O briQktJ vlll 'ho: ~'J' t'fld to prod.lie •o=e tube upport. The 

oottieient or 11:'.e&r x:pe,nsio ct atainleos • l 1a appro tel 10 .'1 x 

10-6 'Wbll t.'>at of o !1 approximately 9.:; x 10-6 and ~rcfi l:'fll, ut111~1ng 

It can 

05) 

It tvo ot the ftl"'14bl(i8 P'G held tbed., ko0 CL'"\ be platted YUllU tbe 

othe · • &lob plots re hOW1l 1n F:lgu_..• lCl and 11 'Whioh e~1 the 

culat1c.me ot th bit1n1 t.o mlt1pl1oet1on taotar,. 
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